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ABSTRACT 

I n  the  ionospheric  plasma, e lectromagnet ic  propagat ion is p o s s i b l e  a t  

f r equenc ie s  below t h e  plasma frequency and t h e  e l e c t r o n  gyrofrequency. 

T h i s  mode of propagat ion i s  commonly known as t h e  w h i s t l e r  mode. 

Amplitude c a l i b r a t e d  r e c e i v e r s  aboard two s a t e l l i t e s  ( E O - I  and OGO-11) 

a r e  used t o  r ece ive  s i g n a l s  propagating i n  t h e  w h i s t l e r  mode from U.  S .  

Navy v l f  s t a t i o n s  on t h e  ground. Ex i s t ing  theory is u t i l i z e d  t o  c a l c u l a t e  

t h e  expected i n t e n s i t i e s  of t hese  s i g n a l s .  Measured and c a l c u l a t e d  

i n t e n s i t i e s  a r e  then compared. 

The two s a t e l l i t e s  e f f e c t i v e l y  sub-divide t h e  w h i s t l e r  mode path i n t o  

two main p a r t s :  (1) t h e  earth-ionosphere waveguide loss, t h e  boundary and 

e x c i t a t i o n  loss, and t h e  abso rp t ion  loss through t h e  ionosphere t o  t h e  

a l t i t u d e s  of OCO-I1 and ( 2 )  l o s s e s  due t o  divergence of t h e  s i g n a l  between 

OGO-I1 and t h e  higher  a l t i t u d e s  of 0 - 1  p l u s  any a d d i t i o n a l  abso rp t ion  

above OGO-11. These d a t a  a r e  u t i l i z e d  t o  determine more p r e c i s e l y  the  

major f e a t u r e s  and loss c h a r a c t e r i s t i c s  of whistler-mode p a t h s  i n f e r r e d  

from previous experiments,  and t o  determine t h e  accuracy of a t t e n u a t i o n  

r a t e s  p r e d i c t e d  e a r l i e r  by t h e o r e t i c a l  means. 

I t  i s  concluded t h a t  t h e  average i n t e n s i t y  of v l f  whistler-mode s i g n a l s  

i n  t h e  magnetosphere may u s u a l l y  be p r e d i c t e d  t o  an accuracy of 

by t h e  use of a v a i l a b l e  models and e x i s t i n g  theory.  T h i s  s tudy s t r o n g l y  

s u p p o r t s  p re sen t  understanding of the major f e a t u r e s  of whistler-mode 

propagat ion which u n t i l  now h a s  been based l a r g e l y  on t h e o r e t i c a l  develop- 

ments and experimental  obse rva t ions  of n a t u r a l l y  occur r ing  phenomena. 

- +10 db 

S e v e r a l  new obse rva t ions  have been made. These include:  

(1) A Northern hemisphere l a t i t u d i n a l  cu to f f  of vlf  s i g n a l s .  Signal  

i n t e n s i t i e s  have been observed t o  decrease a s  much a s  40 db a s  OGO-I1 moves 

from approximately 59 t o  60 Northern geomagnetic l a t i t u d e .  S i g n a l s  a r e  

seldom observed a t  l a t i t u d e s  above the  cu to f f  region.  There is evidence 

t h a t  t h e  cu to f f  is more pronounced during t h e  daytime and when t h e  geomag- 

n e t i c  p l a n e t a r y  K index i s  high. I t  is  hypothesized t h a t  t h e  Nv product 

i n  t h e  D and E r eg ions  of t h e  ionosphere i n c r e a s e s  r a p i d l y  w i t h  l a t i t u d e  

n e a r  t h e  cu to f f  region.  The evidence sugges t s  t h a t  t h e  observed cu to f f  i s  
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c o n s i s t e n t  with an  abso rp t ion  explana t ion .  

(2)  Strong enhancements of v l f  s i g n a l s  nea r  t h e  an t ipodes  of v l f  

t r a n s m i t t e r s .  Enhancement f a c t o r s  a s  h igh  a s  25 db have been observed 

when t h e  s a t e l l i t e  f l i e s  w i t h i n  200 km of t h e  ant ipode.  Enhancements 

have a l s o  been observed n e a r  t h e  magnetic conjugate  of t h e  an t ipode .  

( 3 )  A pronounced d i p  i n  t h e  i n t e n s i t y  of v l f  s i g n a l s  over  t h e  geo- 

magnetic equator.  Seen a t  a l l  longi tudes ,  both daytime and n ight t ime,  

t h e  magnitude of t h e  e q u a t o r i a l  d ip  i s  t y p i c a l l y  12  t o  2 0  db dur ing  the  

daytime and 5 t o  10 db dur ing  t h e  n ight t ime.  The obse rva t ion  i s  expla ined  

on t h e  bas i s  of absorp t ion .  

( 4 )  A band of i n t e n s e  no i se  a t  18 kHz around both  p o l a r  reg ions .  T h e  

i n t e n s e  noise  i s  observed i n  a band 3 t o  11 degrees  wide cen te red  n e a r  

75 degrees  geomagnetic l a t i t u d e .  Occurrence of t h e  no i se  e x h i b i t s  s easona l  

dependence wi th  l o c a l  summer r a t e s  h ighe r  t han  win te r .  Although t h e r e  i s  

evidence t h a t  t h e  i n t e n s e  no i se  i s  more l i k e l y  t o  be observed dur ing  

magnet ica l ly  d i s t u r b e d  per iods ,  f l u c t u a t i o n s  i n  t h e  no i se  magnitude can  

no t  be  explained by f l u c t u a t i o n s  i n  t h e  K index. 
P 
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I. INTRODUCI'ION 

A. OBJECTIVE 

The o b j e c t i v e  of t h i s  r e sea rch  is t o  u t i l i z e  d a t a  from the  OGO s a t e l l i t e s  

t o  provide new i n s i g h t s  t o  the sub jec t  of whistler-mode propagation. 

S p e c i f i c a l l y ,  i t  i s  planned experimental ly  t o  determine t o t a l - p a t h  

t r ansmiss ion  loss ,  so  a s  t o  (1) de f ine  more p r e c i s e l y  t h e  major f e a t u r e s  

and loss c h a r a c t e r i s t i c s  of pa ths  i n f e r r e d  from previous experiments,  

and ( 2 )  determine the  accuracy of a t t e n u a t i o n  r a t e s  p r e d i c t e d  e a r l i e r  by  

t h e o r e t i c a l  means. 

I t  i s  be l i eved  t h a t  t h i s  research w i l l  be h e l p f u l  i n  e v a l u a t i n g  the 

p o s s i b l e  use fu lness  of t h i s  mode of propagat ion a s  a means of communication 

by determining the  i n t e n s i t y  of whistler-mode s i g n a l s  produced i n  t h e  

magnetosphere by a very low frequency ( v l f )  t r a n s m i t t e r  on t h e  ground. 

T h i s  work should a l s o  be of i n t e r e s t  t o  those who a r e  involved with 

v l f  n a v i g a t i o n  systems, s i n c e  it  provides new information concerning such 

c h a r a c t e r i s t i c s  a s  t h e  depth and frequency of occurrence of whistler-mode 

f ad ing ,  which might a f f e c t  t hese  systems. 

The OGO s a t e l l i t e s  a r e  unique i n  providing: (1) accura t e  amplitude 

measurements of whistler-mode s i g n a l s  a t  high a l t i t u d e s  (OGO-I) and (2)  

a c c u r a t e  amplitude measurements of whistler-mode s i g n a l s  a t  high l a t i t u d e s  

(OGO-11). 

B. ORGANIZATION OF MATERIAL 

Since t h e  d a t a  presented here  were ob ta ined  from two s a t e l l i t e s  ( E O - I  

which i s  i n  a high a l t i t u d e  e q u a t o r i a l  o r b i t  and OGO-I1 which is  i n  a low 

a l t i t u d e  p o l a r  o r b i t )  s e p a r a t e  chap te r s  a r e  devoted t o  each. 

The 0 - 1  experiment i s  discussed i n  Chapter 11. Data from N O - I  

a r e  p re sen ted  i n  Chapter IV .  The OGO-I1 experiment i s  discussed i n  

Chapter V; i t s  d a t a  a r e  p re sen ted  i n  Chapter V I .  

I n  t h e  process  of analyzing these d a t a  i n  t h e  s tudy of whistler-mode 

propagat ion p e r  s e  (which was t h e  i n i t i a l  o b j e c t i v e  of t h i s  work) s e v e r a l  

new phenomena have been observed. Since t h e s e  c o n s t i t u t e  i n  essence new 

t o p i c s  they  a r e  a l l  ga the red  i n  one c h a p t e r  (Chapter V I I I ) .  
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v l f  s t a t i o n s  from which d a t a  were used throughout t h i s  s tudy  a r e  l i s t e d  

i n  Table  2 for easy i d e n t i f i c a t i o n  of t h e  code a b b r e v i a t i o n s  used i n  many 

of t h e  i l l u s t r a t i o n s .  

C. WHISTLER-MODE CHARACTERISTICS 

Whist lers  a r e  gene ra t ed  by l i g h t n i n g  d i scha rges  which r a d i a t e  impulses 

of e lectromagnet ic  energy. A s  t h i s  energy sp reads  ou t  beneath the  iono- 

sphe re  i n  the  earth-ionosphere waveguide, c o n t i n u a l  leakage i n t o  t h e  iono- 

sphe re  occurs and whistler-mode waves w i l l  be e x c i t e d  wherever t h e  polar-  

i z a t i o n  of t h e  waves i s  appropr i a t e .  These waves then  propagate approxi- 

mately along t h e  l i n e s  of  f o r c e  of t h e  e a r t h ' s  magnetic f i e l d  from one 

hemisphere t o  t h e  o the r .  The energy i s  d i s p e r s e d  as i t  t r a v e l s  through 

t h e  magnetosphere, caus ing  t h e  o r i g i n a l  s i g n a l ,  which can be considered 

an impulse, t o  be d i s p e r s e d  i n t o  a g l i d i n g  tone t y p i c a l l y  l a s t i n g  about 

a second. Th i s  g l i d i n g  tone  i s  c a l l e d  a w h i s t l e r .  The d i s p e r s i o n  i s  a 

measure of t h e  e l e c t r o n  con ten t  a long t h e  pa th .  

S t u d i e s  of d i s p e r s i o n  c h a r a c t e r i s t i c s  of w h i s t l e r s  have provided new 

d a t a  on e l e c t r o n  concen t r a t ion  i n  t h e  magnetosphere and on t h e  pa ths  of 

w h i s t l e r s .  Smith [1960a] showed t h a t  from t h e  "nose" frequency of a 

w h i s t l e r  the l a t i t u d e  of t h e  propagat ion path cou ld  be determined, and 

t h a t  t h e  group delay a t  t h i s  frequency g i v e s  a measure of t h e  e l e c t r o n  

concen t r a t ion  i n  t h e  o u t e r  ionosphere along t h e  path of propagat ion.  

Carpenter  [1962a, 1962b] found t h a t  du r ing  magnetic storms, measurements 

of w h i s t l e r s  gave normal e l e c t r o n  c o n c e n t r a t i o n s  f o r  t h e  lower l a t i t u d e  

pa ths ,  b u t  t h a t  along h ighe r  l a t i t u d e  p a t h s  t h e  e l e c t r o n  c o n c e n t r a t i o n s  

were t y p i c a l l y  much l e s s  than  i n  magnet ica l ly  q u i e t  pe r iods .  H e  c a l l e d  

t h i s  t r a n s i t i o n  r eg ion  t h e  "knee." 

I t  should be noted t h a t  t h e  a c t u a l  p a t h  of a w h i s t l e r  has  never been 

observed experimentally,  bu t  has  only been i n f e r r e d  from experimental  

r e s u l t s .  T h i s  path i s  b e l i e v e d  t o  invo lve  t h e  ear th- ionosphere Waveguide 

p o s s i b l y  a t  both ends of t h e  pa th  depending on t h e  l o c a t i o n  of t he  Source 

and the  r e c e i v e r  [Allcock, 1966; Allcock and McNeill, 19661, p l u s  an 

o u t e r  ionospheric  o r  magnetospheric pa th  along t h e  e a r t h ' s  f i e l d  between 
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t h e  two hemispheres, such as  shown i n  Fig.  1. 

GEOMAGNETIC FIELD LINE 

IONOSPHERE 

EARTH 

FIG. 1. A TYPICAL WHISTLER-MODE PATH WHERE BOTH THE SOURCE 
AND THE RECEIVER ARE GROUND-BASED AND LOCATED I N  OPPOSITE 
HEMISPHERES. 

Delloue [ 19571, C r a r y  [ 19611 and o t h e r s  have conducted experiments 

u t i l i z i n g  d i r e c t i o n - f i n d i n g  techniques t o  determine t h e  d i r e c t i o n  of 

a r r i v a l  and t h e  p o l a r i z a t i o n  of w h i s t l e r s  observed on t h e  ground. These 

s t u d i e s  have been u s e f u l  i n  p o s t u l a t i n g  t h e  e x i t  po in t  of a w h i s t l e r  from 

t h e  magnetosphere i n t o  t h e  earth-ionosphere waveguide. 

H e l l i w e l l  [1965] p r e s e n t s  a comprehensive t r ea tmen t  of w h i s t l e r s  and 

r e l a t e d  ionosphe r i c  phenomena. He p o i n t s  out  t h a t  t h e  r a p i d  growth of 

t h i s  a s p e c t  of r a d i o  sc i ence  i s  i l l u s t r a t e d  by t h e  number of p u b l i c a t i o n s ,  

which was no more t h a n  15 before  1951 and now exceeds 500. 

D. WHISTLER-MODE PROPAGATION 

As a d i r e c t  r e s u l t  of ex tens ive  r e sea rch  p r i o r  t o  t h e  advent of vlf 
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s a t e l l i t e  experiments, w h i s t l e r s  were w e l l  understood and much a p p r e c i a t i o n  

has been gained for t h e i r  u se fu lness  a s  a r e sea rch  t o o l  with which t o  

s tudy t h e  e a r t h ' s  environment. 

MlLc!? cf t h e  thecry c?f whistlers c e c t e r s  areun:! t h e  Appleten-Hartree 

equa t ions  w h i c h  d e s c r i b e  t h e  r e f r a c t i v e  index and p o l a r i z a t i o n  of e l e c t r o -  

magnetic waves propagat ing i n  a homogeneous gaseous medium permeated by 

a s t a t i c  magnetic f i e l d .  I n  the  ionosphe r i c  plasma, e lectromagnet ic  

propagat ion i s  p o s s i b l e  a t  f r equenc ie s  below the plasma and t h e  e l e c t r o n  

gyrofrequency ... a mode of propagat ion commonly known a s  t h e  w h i s t l e r  

mode. 

P r e - s a t e l l i t e  w h i s t l e r  obse rva t ions  gave ample evidence t h a t  t h e  

d i s p e r s i o n  p r o p e r t i e s  of w h i s t l e r s  agreed w e l l  with t h e  quas i - long i tud ina l  

(QL) cold-plasma e l ec t rons -on ly  magnetoionic theory desc r ibed  i n  d e t a i l  

by S to rey  [1953],  R a t c l i f f e  [1959],  H e l l i w e l l  [1965],  and o t h e r s .  These 

observat ions a l so  supported the  hypothesis  t h a t  w h i s t l e r s  observed on t h e  

ground a r e  ducted by enhanced columns of i o n i z a t i o n  [Smith, 1960al.  The 

ground obse rva t ions  a r e  now w e l l  understood, and t h e i r  agreement w i t h  

t he  QL case f o r  whistler-mode propagat ion i s  good. 

While s a t e l l i t e  measurements of w h i s t l e r s  have not c o n f l i c t e d  with 

ground measurements, they have provided an abundant v a r i e t y  of w h i s t l e r -  

mode forms which have never been observed on t h e  ground. These new 

phenomena include ion -cyc lo t ron  w h i s t l e r s  [Gurne t t ,  e t  a l ,  19651, t h e  

SP w h i s t l e r s  (occas iona l ly  a l s o  observed on t h e  ground) [Carpenter , l964;  

and Smith, 19641, t he  t r a n s v e r s e  w h i s t l e r s ,  [Ca rpen te r  and Dunckel, 1965; 

Kimura, e t  a l ,  19651 and t h e  psuedo-nose w h i s t l e r s  [Smith, 19661. 

The s a t e l l i t e  measurements have uncovered an e n t i r e l y  new a r e a  of 

whistler-mode propagation i n  t h e  ionosphere which invo lves  t r a n s v e r s e  

propagation, l a r g e  wave normal angles ,  and v a r i o u s  o t h e r  new modes w h i c h  

appa ren t ly  owe t h e i r  e x i s t e n c e  t o  t h e  e f f e c t s  of i o n s  [Smith and Brice,  

19641. 

I t  can be shown [Hines, 19571 t h a t  for f r equenc ie s  w e l l  above the  

lower hybrid resonance [Smith, e t  a l ,  19661 the  e f f e c t s  of i o n s  may be 

neglected,  and then  t h e  p r o p e r t i e s  of whistler-mode propagat ion a r e  

exp la ined  approximately by t h e  c l a s s i c a l  magnetoionic theory u t i l i z i n g  

the  customary QL approximation assuming on ly  e l e c t r o n s .  Since t h e  
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f r e q u e n c i e s  i n  t h i s  s tudy  a r e  l imi t ed  t o  approximately 18 kHz, t h e  e f f e c t s  

of i o n s  a r e  t h e r e f o r e  ignored and the c o l d  plasma QL theo ry  i s  app l i ed .  

Since t h e  p u b l i c a t i o n s  mentioned above g ive  d e t a i l e d  t r ea tmen t  of 

t h e  magnetoionic theory,  only a very b r i e f  o u t l i n e  inc lud ing  t h e  more 

important  r e s u l t s  which a r e  v i t a l  t o  t h i s  s tudy w i l l  be p re sen ted  he re ,  

References t o  t h e  complete theo ry  a re  included i n  t h e  bibl iography.  

The s t a t i c  magnetic f i e l d  of the e a r t h  causes  t h e  ionosphere t o  be 

a n i s o t r o p i c .  Hence, t h e r e  a r e  i n  general  two va lues  f o r  t h e  r e f r a c t i v e  

index, corresponding t o  t h e  two c h a r a c t e r i s t i c  waves t h a t  can propagate.  

The complete expressions f o r  r e f r a c t i v e  index and p o l a r i z a t i o n  ( see  

H e l l i w e l l  [1965],  R a t c l i f f e  [1959]) a r e  d i f f i c u l t  t o  use because of t h e i r  

complexity.  For  many a p p l i c a t i o n s  t h e s e  expres s ions  may be s i m p l i f i e d  

by u s i n g  t h e  quas i - long i tud ina l  (QL) approximation discussed below. With 

t h i s  approximation t h e  complete expressions may be reduced t o  

2 X 
l - i Z + Y  n = 1 -  

-1 L‘  

and 

where R i s  t h e  p o l a r i z a t i o n ,  

n = complex r e f r a c t i v e  index = p - i x  , 
P = r e f r a c t i v e  index ( r e a l  p a r t  of n )  , 
x 
a = abso rp t ion  c o e f f i c i e n t  (nepers/meter)  , 
C E v e l o c i t y  of l i g h t  , 

= a c / w  = abso rp t ion  index (nega t ive  imaginary p a r t  of n) , 

H = components of magnetic f i e l d  of t h e  wave , 
E E = components of e l e c t r i c  f i e l d  of t h e  wave , 

Hx’ y 

Ex’ y’ z 

x >  Y ,  = = coord ina te  axes as shown i n  Fig.  2 , 
i =J--i:, YL = f,/f , 
w = 2fif , 2 = v/w , 
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X 

Y 

yT 

f H  

0 
f 

V 

N 

e 

€0 

m 

PO 

0 
H 

8 

= wave frequency, u -  0 - 2nfo = , 

f 2  

f 2  , 
0 - -  - 

"t = 2nfL = % cos  8 , 

yr = 2nfT = % s i n  8 , 

f T  - -  
- f '  

= plasma frequency, 

= e l e c t r o n  gyrofrequency, 

= frequency of c o l l i s i o n  of e l e c t r o n s  w i t h  heavy p a r t i c l e s ,  

= number dens i ty  of e l e c t r o n s ,  

= charge on an e l e c t r o n ,  

= d i e l e c t r i c  cons t an t  of f r e e  space ( r a t i o n a l i z e d  u n i t s ) ,  

= mass of e l e c t r o n ,  

= permeabi l i ty  of f r e e  space,  

= imposed magnetic f i e l d ,  

= angle between Ho and Oz (Fig.  2 ) .  

The c o r r e c t  s i g n  f o r  t h e  w h i s t l e r  mode i s  e a s i l y  determined by con- 

s i d e r i n g  Eq. (1.1) a t  l e v e l s  w e l l  above t h e  F2 l a y e r  where Z i s  n e g l i -  

g i b l y  small  and It i s  then  c l e a r  t h a t  propagat ion can take 

p l ace  only f o r  t h e  minus s i g n  i n  Eq. (1.1). 

propagating wave i s  descr ibed by Eq, (1 .2)  with t h e  corresponding choice 

of t h e  minus s ign.  

X > 1 + YL. 
The p o l a r i z a t i o n  of t h e  

The QL approximation by which Eq. (1 .1)  and Eq. (1 .2 )  a r e  ob ta ined  i s  

v a l i d  when t h e  d i r e c t i o n  of propagat ion is  s u f f i c i e n t l y  c l o s e  t o  t h e  

d i r e c t i o n  of t h e  e a r t h ' s  magnetic f i e l d  t o  permit dropping t e r n s  con ta in ing  

YT i n  t h e  gene ra l  expression.  The necessa ry  c o n d i t i o n  for t h e  &L approxi- 

mation t o  hold i s  given by 
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which can be w r i t t e n  

2 4  Y s i n  0 2 

4 cos e 
<< I(1-x-iz) I . 2 

t WAVE 

"L 

(1.4) 

FIG.2.WAVE COORDINATES I N  RELATION TO THE EARTH'S MAGNETIC 
FIELD AS USED I N  THE INVESTIGATION OF WHISTLER-MODE 
PROPAGATION. 

H e l l i w e l l  E19651 d i s c u s s e s  t h e  QL approximation i n  d e t a i l .  He c a l -  

c u l a t e s  t h e  range of wave-normal angles  8 over  which t h e  QL approximation 

i s  v a l i d  f o r  t h e  case  of no c o l l i s i o n s  and f o r  X >> 1, and shows t h a t  

t h e  approximation i s  usua l ly  good up t o  ang le s  of a t  l e a s t  f o r t y - f i v e  

deg rees  or  more. He a l s o  c a l c u l a t e s  t h e  QL c r i t e r i o n  as  a f u n c t i o n  o f  

wave frequency f o r  t h e  r eg ion  between 60 and 120 km us ing  appropr i a t e  

i o n o s p h e r i c  models f o r  both daytime and night t ime.  These r e s u l t s  show 
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t h a t  a v e r t i c a l l y  i n c i d e n t  18 kHz wave w i l l  meet the  QL cond i t ion  dur ing  

daytime f o r  va lues  of 8 less than  approximately 50 . A t  n i g h t  t h e  QL 

cond i t ion  i s  s a t i s f i e d  f o r  va lues  of 8 less t h a n  approximately 30 . 
Based on the  above arguments, and t h e  d i scuss ion  i n  s e c t i o n  D of Chapter 

111, t h e  QL approximation has  been used f o r  a l l  c a l c u l a t i o n s  i n  t h i s  

s tudy.  Inaccurac i e s  i n c u r r e d  through t h e  use  of t h i s  approximation a r e  

probably l e s s  t han  those  produced by u n c e r t a i n t i e s  i n  t h e  ionospher ic  

models employed. 

0 

0 

I n  t h e  lower r eg ions  of t h e  ionosphere where t h e  c o l l i s i o n a l  term 

( Z )  of  Eq. (1.1) i s  important  ( Y L i  >> 1, 

denominator can  be neglec ted .  This  term may a l s o  be neg lec t ed  i n  h ighe r  

reg ions  where c o l l i s i o n s  a r e  no longe r  impor tan t ,  p rovid ing  lYLl rem a i  ns 

much g r e a t e r  than  1. For t h e  OGO-I o r b i t  and a frequency o f  approximately 

18 kHz ( t h e  f r equenc ie s  used i n  t h i s  s t u d y ) , t h i s  cond i t ion  i s  s a t i s f i e d  

ou t  t o  a d i s tance  of approximately 3 e a r t h  r a d i i .  Beyond t h i s  reg ion  t h e  

term must be r e t a ined .  

t h e r e f o r e  t h e  term 1 i n  t h e  

I n  Eq. ( l . l) ,  t h e  f i r s t  term ( t h e  q u a n t i t y  1) may be neglec ted  when- 

ever  X >> 1. For a f requency of 18 kHz t h i s  cond i t ion  i s  s a t i s f i e d  f o r  

v i r t u a l l y  a l l  r eg ions  from which d a t a  f o r  t h i s  s tudy  were obta ined .  

I t  should be noted  a t  t h i s  po in t  t h a t  t h e  gene ra l  behavior  of t h e  

r e f r a c t i v e  index i s  g iven  by Eq. (1.1). H e l l i w e l l  [1965] p r e s e n t s  

s e v e r a l  f i g u r e s  showing t h e  v a r i a t i o n  of n2 wi th  X and wi th  Y f o r  

cond i t ions  of i n t e r e s t  i n  w h i s t l e r  propagat ion.  For t h e  c a s e  of no 

l o s s e s ,  coupl ing t o  t h e  w h i s t l e r  mode from f r e e  space  appears  d i f f i c u l t  

because t h e  r e f r a c t i v e  index  of t h e  o r d i n a r y  branch does not  remain r e a l  

i n  t h e  lower ionosphere t r a n s i t i o n  reg ion  nea r  X = 1, except  f o r  t h e  

pure ly  l o n g i t u d i n a l  case .  However, a s  H e l l i w e l l  no tes ,  i f  t h e  e f f e c t  of 

c o l l i s i o n s  i s  inc luded ,  coupl ing  can occur  o v e r  a f i n i t e  range of 8 

[ R a t c l i f f e ,  19591. Another f a c t o r  t h a t  promotes coupl ing  i s  a s t e e p  

g rad ien t  of r e f r a c t i v e  index n e a r  X = 1. The combined e f f e c t s  of 

c o l l i s i o n s  and a s t e e p  g rad ien t  account for t h e  e x c i t a t i o n  of t h e  w h i s t l e r  

mode a t  the  lower boundary o f  t h e  ionosphere,  H e l l i w e l l  [1965] c a l c u l a t e s  

t h e  absorp t ion  r a t e  and r e f r a c t i v e  index as f u n c t i o n s  of he igh t  f o r  a 

v e r t i c a l l y  inc iden t  wave i n  t h e  normal daytime ionosphere.  H i s  C a l C U -  

l a t i o n s  show t h a t  t h e  r e f r a c t i v e  index of t h e  whistler-mode (minus s i g n  
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i n  Eq. (1.1)) does indeed remain r e a l  and g r e a t e r  t han  u n i t y  f o r  a l l  

h e i g h t s  between 60 and 1400 km. 

I The important d i s p e r s i v e  e f f e c t s  i n  whistler-mode propagat ion t a k e  
I p lace  i n  r eg ions  of very l o w  c o l l i s i o n a l  frequency. From t h e  arguments 

above and Eq. (l.l), t h e  r e f r a c t i v e  index of t h i s  region i s  

2 2 n = p ?  

where n is t h e  r e f r a c t i v e  index of t h e  propagat ing whistler-mode wave. 

Replacing X and Y w i th  t h e  appropr i a t e  expres s ions  given above, Eq, 

(1.5) becomes 

0 
f 

and B = - . f 
where ), = - f . '  

H f H  

Whist ler  d a t a  c o n s i s t  p r imar i ly  of measurements of group delay versus  

frequency, t h e r e f o r e  i t  is  necessary t o  o b t a i n  an expression f o r  t h e  

group v e l o c i t y  v from Eq. (1.7). The d i s p e r s i v e  c h a r a c t e r i s t i c s  of a 

homogeneous medium are u s u a l l y  descr ibed i n  terms of t he  group r e f r a c t i v e  

index  k* = c/vg, 

e q u a t i o n  

g 

which i s  r e l a t e d  t o  t h e  r e f r a c t i v e  index by t h e  

From Eq, (1.7) and Eq. (1.8) t h e  group Velocity is  given by 
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Equation (1.9) d e f i n e s  t h e  speed of  t r a v e l  of a bea t  between two 

i n f i n i t e  plane waves of s l i g h t l y  d i f f e r e n t  frequency whose wave-normal 

d i r e c t i o n s  a r e  t h e  same. H e l l i w e l l  [1965] shows t h a t  f o r  f r equenc ie s  

below f l / 2  , t h e  group v e l o c i t y  exceeds t h e  phase v e l o c i t y ,  and a t  

h i g h e r  f r equenc ie s  i t  is  lower than  t h e  phase v e l o c i t y .  

For purely l o n g i t u d i n a l  propagat ion t h e  group delay of a w h i s t l e r -  

mode s i g n a l  t r a v e l i n g  o v e r  a given path is  

d s  - 
= l a t h  vg ' 

(1.10) 

0 For l o n g i t u d i n a l  propagat ion (8  = 0 ) i n  a homogeneous medium, and 

ove r  a path of  l eng th  c /B  s u b s t i t u t i o n  of Eq. (1.9) i n t o  Eq. (1.10) 

g i v e s  

(1.11) 

H e l l i w e l l  [1965] r e f e r s  t o  t h i s  normalized form of  t h e  time-delay 

i n t e g r a l  as t h e  high-densi ty  approximation. He also develops t h e  low- 

frequency, or Eckersley-Storey approximation, and compares t h e  t w o  r e s u l t s .  

The l a t t e r  i s  on ly  u s e f u l  f o r  very low v a l u e s  of  normalized frequency A, 
and can not be used t o  d e s c r i b e  nose w h i s t l e r s  whose frequency-time curve 

e x h i b i t s  both r i s i n g  and f a l l i n g  branches. By p l o t t i n g  a curve of normalized 

frequency versus time from Eq. (1.11) one o b t a i n s  t h e  frequency ve r sus  time 

p r o f i l e  as a c t u a l l y  observed i n  n a t u r a l l y  o c c u r r i n g  w h i s t l e r s .  

One i s  sometimes asked i f  t h e  s i g n a l s  from t h e  v l f  s t a t i o n s  which 

propagate  i n  the  whistler-mode between t h e  ground t r a n s m i t t e r s  and t h e  

s a t e l l i t e  make a w h i s t l i n g  sound. The answer of cour se  i s  no. Since 

a l l  of t h e  energy from a v l f  t r a n s m i t t e r  i s  e s s e n t i a l l y  a t  a s i n g l e  

f requency,  only one frequency i s  r e c e i v e d  and t h e r e f o r e  no w h i s t l i n g  

sound is heard. 

1 1  t t  

Other  p a r t s  of t h e  magnetoionic theo ry  which a re  important  t o  t h i s  

s tudy b u t  not p re sen ted  above w i l l  be developed as needed i n  l a t e r  s e c t i o n s .  
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These inc lude  abso rp t ion  and divergence of t h e  whistler-mode wave and 

impedance t ransformat ion  e f f e c t s .  All a r e  d i scussed  i n  Chapter  111. I n  

each case  t h e  development begins  with t h e  i d e a s  o u t l i n e d  above. 

E. THE PROBLEM AND A SOLUTION 

When one wishes t o  s tudy  t ransmiss ion  loss  and a t t e n u a t i o n  r a t e s  of 

whistler-mode propagat ion  us ing  w h i s t l e r s ,  two major problems a r i s e .  

F i r s t ,  t h e  exac t  l o c a t i o n  of t he  causa t ive  l i g h t n i n g  f l a s h  is d i f f i c u l t  

t o  p inpo in t ,  and secondly,  t h e  magnitude of t h e  r a d i a t e d  power i s  not 

known. To cope wi th  t h e s e  and o ther  problems H e l l i w e l l  and Gehrels  

[1958] and H e l l i w e l l ,  e t  a1 [1962] devised a new type  of  experiment 

designed f o r  t h e  s tudy  of whistler-mode propagat ion.  The program was 

based  on t h e  use  of s p e c i a l  pu l se  s i g n a l s  provided by v l f  t r a n s m i t t e r s  

of t h e  U. S. Navy o p e r a t i n g  on f requencies  between 15.5 and 22.3 kHz. 

Tuned narrowband r e c e i v e r s  l oca t ed  a t  S tanford ,  C a l i f o r n i a ;  Greenbank, 

West V i r g i n i a ;  Sant iago,  Ch i l e ;  Ushuaia, Argent ina ;  Wellington, New Zealand; 

and Byrd S t a t i o n ,  An ta rc t i ca  c o n s i s t e n t l y  r ece ived  t h e  d i r e c t  s i g n a l  from 

t h e  t r a n s m i t t e r s ,  p l u s  whistler-mode "echo" s i g n a l s  w i th  de lays  of t h e  

order  of one second. These experiments provided, f o r  t h e  f i r s t  t i m e ,  a 

r e l i a b l e  source  of s i g n a l s  of known c h a r a c t e r i s t i c s  w i th  which t o  s tudy  

whistler-mode propagat ion.  Much valuable  informat ion  was obta ined  con- 

c e r n i n g  whistler-mode a c t i v i t y  such a s  d i u r n a l  and seasona l  v a r i a t i o n s ,  

day-to-day a c t i v i t y ,  f ad ing  c h a r a c t e r i s t i c s ,  and group de lay  d i s t r i b u t i o n s .  

However, t h e  n a t u r e  of t h e  a n a l y s i s  equipment d i d  not  a l low q u a n t i t a t i v e  

ampli tude informat ion  t o  be obtained. Hence, a t t e n u a t i o n  r a t e s  i n  the  

whistler-mode remained unspec i f ied .  

With t h e  advent of s c i e n t i f i c  rocket  probes and low-a l t i tude  s a t e l l i t e s ,  

a n o t h e r  dinensior,  was added t o  t h e  s t u d y  of whistler-mode propagat ion.  

Using v l f  s t a t i o n s  a s  t h e  source,  and wi th  c a l i b r a t e d  r e c e i v e r s  aboard, 

t h e s e  experiments  began provid ing  d e t a i l e d  informat ion  concerning abso rp t ion  

of  v l f  s i g n a l s  a s  they  p e n e t r a t e d  the  ionosphere.  

s t u d i e s  are r e p o r t e d  by s e v e r a l  researchers  i nc lud ing  Lomax [ 19611, 

L e i p h a r t ,  e t  a1  [ 19621 

e t  a1 119641, Mlodnosky, e t  a1 [ 19651 and  Orsak, e t  a1 [ 19651. 

The r e s u l t s  of such 

Maeda, e t  a1 [ 19651 , Car twr ight  [ 19641, Rorden, 
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While the above s t u d i e s  c o n t r i b u t e d  s i g n i f i c a n t  new information con- 

ce rn ing  absorption, they a l l  were l i m i t e d  t o  a l t i t u d e s  of approximately 

1000 lun or l e s s ,  The launching of t h e  f i r s t  O r b i t i n g  Geophysical Observatory 

(OGO-I) from Cape Kennedy a t  0123 UT on September 5, 1964, removed t h i s  

r e s t r i c t i o n  and f o r  t h e  f i r s t  time a c o n t r o l l e d  experiment i n  w h i s t l e r -  

mode propagation invo lv ing  a t t e n u a t i o n  along a magnetospheric p a t h  was 

underway, The OGO-I d a t a  provided new information on whistler-mode 

t r ansmiss ion  loss by supplying a c c u r a t e  amplitude measurements over  major 

p o r t i o n s  of t he  path. Now f o r  t h e  f i r s t  t ime a v l f  r e c e i v e r  was a t  a 

known l o c a t i o n  i n  t h e  magnetosphere r e c e i v i n g  whistler-mode s i g n a l s  from 

a known source on t h e  ground. By u t i l i z i n g  t h e  e x i s t i n g  magnetoionic 

theory and the t h e o r e t i c a l  r e s u l t s  of e a r l i e r  r e s e a r c h e r s ,  i t  i s  p o s s i b l e  

t o  c a l c u l a t e  t h e  i n t e n s i t y  of v l f  s i g n a l s  one would expect t o  f i n d  a t  the 

s a t e l l i t e .  These c a l c u l a t i o n s  may then  be compared t o  t h e  i n t e n s i t i e s  

measured by OGO-I, t h u s  a l lowing an experimental  t e s t  of t h e  theory,  

The launching of OGO-I1 i n t o  a low a l t i t u d e  p o l a r  o r b i t  provided 

ano the r  valuable i n p u t  t o  t h e  s o l u t i o n .  The two s a t e l l i t e s  e f f e c t i v e l y  

subdivide t h e  t o t a l  path i n t o  two main p a r t s :  (1) t h e  ear th- ionosphere 

waveguide l o s s ,  t h e  boundary and e x c i t a t i o n  loss, and t h e  abso rp t ion  l o s s  

through t h e  ionosphere t o  t h e  a l t i t u d e s  of OGO-11, and (2)  l o s s e s  due to 

divergence of t h e  s i g n a l  between EO-I1 and t h e  h ighe r  a l t i t u d e s  of EO-I 

p l u s  any a d d i t i o n a l  abso rp t ion  above OGO-11. 

W i t h  t h i s  major s u b d i v i s i o n  of t h e  t o t a l  l o s s ,  and wi th  a c c u r a t e  

amplitude information a v a i l a b l e  from both s a t e l l i t e s  t h e  t o t a l - p a t h  

whistler-mode t r ansmiss ion  loss problem may be approached more c o n f i d e n t l y  

than  was before poss ib l e .  To t r e a t  t h i s  problem u t i l i z i n g  t h e s e  new d a t a  

i s  t h e  ob jec t ive  of t h i s  r e sea rch ,  

Predicted s i g n a l  power a t  t he  s a t e l l i t e  has  been computed on the  b a s i s  

of a model path having t h r e e  major sou rces  of l o s s :  (1) e x c i t a t i o n  of 

t h e  whistler-mode a t  t h e  f o o t  of t h e  f i e l d  l i n e  pas s ing  through the  s a t e l l i t e ,  

( 2 )  absorpt ion of t he  s i g n a l  i n  passing through t h e  lower and upper iono- 

sphere,  ( 3 )  divergence w i t h i n  t h e  magnetosphere. These c a l c u l a t e d  Values 

a r e  then compared t o  t h e  measured values,and ref inements  t o  improve t h e  

model a r e  suggested. It  should be noted t h a t  i tem (1) i n c l u d e s  the  e a r t h -  

ionosphere waveguide loss between t h e  v l f  t r a n s m i t t e r  and t h e  f o o t  of t he  
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f i e l d  l i n e  as wel l  a s  t h e  l o s s e s  due t o  r e f l e c t i o n  a t  t he  boundary. The 

r easons  f o r  t h i s  a r e  d i scussed  i n  Chapter 111. 

F. CONTRIBUTIONS OF THE PRESENT WORK 

Perhaps t h e  most important c o n t r i b u t i o n  of t h i s  work is t h e  demonstration 

by a c o n t r o l l e d  experiment t h a t  i n  gene ra l  t h e  i n t e n s i t y  of vlf  w h i s t l e r -  

mode s i g n a l s  i n  t h e  magnetosphere may be p r e d i c t e d  w i t h  a s u r p r i s i n g  

degree of accuracy by e x i s t i n g  theory.  This  is  t o  s a y  t h a t  ou r  p re sen t  

understanding of t h e  major f e a t u r e s  of whist  ler-mode propagation, which 

has been based l a r g e l y  on t h e o r e t i c a l  developments and experimental  

o b s e r v a t i o n s  of n a t u r a l l y  occur r ing  phenomena, i s  apparent ly  c o r r e c t .  

F igu re  35 i s  probably t h e  b e s t  demonstration of how c l o s e l y  t h e  p r e d i c t i o n s  

( c a l c u l a t i o n s )  f i t  t h e  measurements ove r  an ex tens ive  magnetospheric path.  

While all of t h e  measurements do not ag ree  t h i s  we l l  w i t h  t h e  c a l c u l a t i o n s ,  

t h e  agreement is i n  gene ra l  s u r p r i s i n g l y  good. Most of t h e  d i s c r e p a n c i e s  

may be explained by  reasonable  arguments based on r e l a t e d  phenomena 

a l r e a d y  r e p o r t e d  i n  t h e  l i t e r a t u r e .  

O the r  important c o n t r i b u t i o n s  have a r i s e n  i n  the  course of t h i s  s tudy.  

These a r e  l i s t e d  as new obse rva t ions  i n  Chapter VI11 and include:  

1. A n o r t h e r n  hemisphere l a t i t u d i n a l  cu to f f  of v l f  s i g n a l s  which 
o r i g i n a t e  i n  t h e  no r the rn  hemisphere. 

Strong enhancements of vlf  s i g n a l s  n e a r  t h e  ant ipodes of v l f  t r a n s -  
m i t t e r s  a t  a l t i t u d e s  of approximately 1,000 km. 

A pronounced d i p  i n  t h e  i n t e n s i t y  of v l f  s i g n a l s  ove r  t h e  geomagnetic 
equator .  

2. 

3. 

4. A band, or r i n g ,  of i n t e n s e  noise a t  18 kHz around both p o l a r  regions.  
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11. THE OGO-I EXPERIMENT 

A. THE SATELLITE 

The f i r s t  O r b i t i n g  Geophysical Observatory (OGO-I) w a s  launched from 

Cape Kennedy a t  0123 UT on 5 September 1964, and a t  t h a t  time, was probably 

t h e  most s o p h i s t i c a t e d  mult ipurpose s a t e l l i t e  e v e r  launched. Weighing 

approximately 1,000 pounds, t h e  b a s i c  s p a c e c r a f t  is a r e c t a n g u l a r  box 

about t h r e e  by t h r e e  by s i x  f e e t .  P ro t rud ing  from i t  a r e  va r ious  booms, 

antennas,  a t t i t u d e  c o n t r o l  j e t s  and s o l a r  panels .  With t h e  booms f u l l y  

extended t h e  s a t e l l i t e  i s  approximately 59 f e e t  long, and 50 f e e t  wide. 

The g e n e r a l  conf igu ra t ion  of t h e  s p a c e c r a f t  is shown i n  Fig.  3. 

OGO-I was the  f i r s t  i n  a s e r i e s  of s i x  o r b i t i n g  geophysical  o b s e r v a t o r i e s  

planned by the Nat ional  Aeronaut ics  and Space Admin i s t r a t ion  (NASA). OGO-I,  

OGO-11, and OGO-I11 a r e  now i n  o r b i t ,  and i n  so f a r  a s  t h e  v l f  experiment 

i s  concerned, they all c a r r y  e s s e n t i a l l y  t h e  same equipment. OGO-I1 was 

launched i n t o  a low-a l t i t ude  p o l a r  o r b i t  a t  1312 UT on 14 October 1965, 

and OGO-I11 was launched a t  0248 UT on 7 June 1966 i n t o  a high a l t i t u d e  

e q u a t o r i a l  o r b i t  s i m i l a r  t o  the  o r b i t  of OGO-I. 

A l l  of the d a t a  f o r  t h i s  r e p o r t  came from OGO-I and OGO-11. The OGO-I 

d a t a  a r e  presented i n  Chapter I V ,  and the  OGO-I1 da t a  i n  Chapter V I .  Data 

from both s a t e l l i t e s  a r e  t h e n  combined and u t i l i z e d  t o  s tudy  t h e  t o t a l -  

path whistler-mode t r ansmiss ion  l o s s  problem i n  Chapter V I I .  

B. THE ORBIT 

The OGO-I o r b i t  i s  h igh ly  e l l i p t i c a l ,  w i th  an apogee a l t i t u d e  of more 

than  one-third of t h e  d i s t a n c e  t o  t h e  moon's o r b i t .  I n i t i a l  pe r igee  a l t i t u d e ,  

which has been s t e a d i l y  i n c r e a s i n g  a t  a r a t e  of approximately 5,000 km pe r  

year ,  was 280 km. The i n c l i n a t i o n  of t h e  o r b i t  a t  launch w a s  31  degrees .  

T h i s  parameter i s  a l s o  s t e a d i l y  i n c r e a s i n g ,  a t  a r a t e  of approximately 18 

degrees p e r  year.  The pe r iod  of t h e  o r b i t  i s  very c l o s e  t o  64 hours (63 

hours,  59 minutes) ;  t h e r e f o r e  t h e  e a r t h  r o t a t e s  an even e i g h t  t imes f o r  

every t h r e e  OGO-I r e v o l u t i o n s  which b r i n g  t h e  s a t e l l i t e  t o  a n  almost i d e n t i c a l  

p o s i t i o n  w i t h  r e spec t  t o  t h e  e a r t h  and i t s  magnetic f i e l d  every e i g h t  days. 
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Table 1 shows a l l  of t h e  p e r t i n e n t  OGO-I d e f i n i t i v e  o r b i t a l  parameters 

which were k ind ly  s u p p l i e d  by Dr. George H. Ludwig, EGO P r o j e c t  S c i e n t i s t  

a t  Goddard Space F l i g h t  Center.  

C. EQUIPMENT 

OGO-I c a r r i e s ,  among a t o t a l  of 20 experiments,  f o u r  v l f  r e c e i v e r s  

cove r ing  the  frequency range 0.2 t o  100 k H z  [Rorden, e t  a l ,  1966b], ~ 1 1  

of t h e  v l f  r e c e i v e r s  a r e  d r iven  by one 9.5 f o o t  i n f l a t a b l e  t o r o i d a l  

loop antenna and a broadband p re -ampl i f i e r  mounted a t  t h e  end of a 20 

f o o t  boom. Three of t h e  r e c e i v e r s  a r e  step-frequency superheterodynes 

whose l o c a l  o s c i l l a t o r  f r equenc ie s  a r e  d e r i v e d  from a common source which 

o p e r a t e s  on any one of 256 d i s c r e t e  f r e q u e n c i e s  between 112 and 200 k H z .  

The Band 1 r e c e i v e r  cove r s  0.131 t o  1.59 k H z  with 50 H z  bandwidth, t h e  

Band 2 r e c e i v e r  cove r s  1.048 t o  12.718 kHz wi th  160 H z  bandwidth, and t h e  

Band 3 r e c e i v e r  cove r s  8.387 t o  101.742 k H z  w i th  500 H z  bandwidth [L.  H. 

Rorden, p r i v a t e  communication]. The f o u r t h  r e c e i v e r  i s  broadband, cover- 

i n g  0.3 t o  12.5 k H z .  

Two modes of o p e r a t i o n  a r e  p o s s i b l e  for t he  Band 1, 2, and 3 r e c e i v e r s :  

(1) t h e  "sweeping" mode, where each r e c e i v e r  s cans  i t s  e n t i r e  frequency 

range i n  a time per iod determined by t h e  d a t a  r a t e  ( eve ry  2.3 seconds i n  

t h e  high b i t  r a t e ) ;  and ( 2 )  t he  f ixed-frequency or narrowband" mode i n  

which t h e  sweeping is  s topped and t h e  r e c e i v e r s  a r e  tuned t o  any d e s i r e d  

f i x e d  frequency by t h e  proper  sequence of commands from t h e  ground. 

I f  

A l l  of t h e  d a t a  f o r  t h i s  r e sea rch  have been ob ta ined  i n  the  l a t t e r  

mode w i t h  t h e  Band 3 r e c e i v e r  tuned t o  e i t h e r  NFG (18.6 k H z )  or NAA 

(17,8 k H z )  . 
The output of each r e c e i v e r  is  a v o l t a g e  r e p r e s e n t i n g  t h e  log-compressed 

amplitude of t h e  r ece ived  s i g n a l  which p rov ides  a f u l l  90 db dynamic 

range. 

On every 16th sweep, a spectrum of a l l  1 k H z  harmonics i s  i n j e c t e d  

i n t o  t h e  antenna to  provide a c c u r a t e  amplitude and frequency c a l i b r a t i o n .  

The l e v e l  of c a l i b r a t i o n  and the  method of i n s e r t i o n  is a l t e r n a t e d  

according t o  a f i x e d  p a t t e r n :  high v o l t a g e ,  high c u r r e n t ,  low Voltage, 

l o w  cu r ren t ,  e t c .  Comparative amplitude c a l i b r a t i o n  measurements have 

S EL- 66 - 094 - 16 - 



- 17 - 



been made p e r i o d i c a l l y  from pre-launch t o  t h e  p re sen t  time and i t  i s  w e l l  

e s t a b l i s h e d  t h a t  t h e  c a l i b r a t i o n  l e v e l  has not changed appreciably.  

It  is be l i eved  t h a t  t he  OGO-I equipment c a p a b i l i t y  a l lows one t o  

determine amplitudes of v l f  s i g n a l s  t o  an accuracy of - +1 db. 

i n  t h e  f i n a l  a n a l y s i s  a more r e a l i s t i c  f i g u r e  i s  probably +2 or 3 db due 

t o  t h e  d i f f i c u l t y  of a c c u r a t e l y  s c a l i n g  t h e  d a t a  from reco rds  produced 

from t h e  t e l eme t ry  s i g n a l s .  

However, 

- 

Methods of d a t a  r educ t ion  and f u r t h e r  comments on accuracy a r e  pre-  

s en ted  i n  s e c t i o n s  D and E. 

D. OBTAINING THE DATA 

It was planned t o  have OGO-I e a r t h - s t a b i l i z e d  w i t h  t h e  z-axis  ( s e e  

Fig.  3 )  always p o i n t i n g  towards t h e  e a r t h  and t h e  s o l a r  a r r a y s  always 

p o i n t i n g  towards t h e  sun, but d i f f i c u l t i e s  t h a t  appeared immediately 

a f t e r  launch prevented t h i s .  As a r e s u l t  t h e  s a t e l l i t e  became s p i n  

s t a b i l i z e d ,  sp inn ing  a t  a r a t e  of approximately 5 rpm. Although the  s p i n  

a x i s  o r i e n t a t i o n  i s  not known p r e c i s e l y ,  independent measurements show i t  

t o  be less  than  5 degrees  from t h e  z-axis.  Values of 42.5 degrees  i n  

r i g h t  ascension and -9 degrees  i n  d e c l i n a t i o n  have been adopted a s  t h e  

most probable s p i n  a x i s  o r i e n t a t i o n .  The s p i n  a x i s  i s  s u f f i c i e n t l y  

p a r a l l e l  to  t h e  n u l l  a x i s  of t h e  loop antenna t h a t  t h e  s p i n  causes  no 

observable  e f f e c t  i n  t h e  v l f  d a t a  used i n  t h e  p r e s e n t  s tudy ,  

The unplanned sp inn ing  and m i s - o r i e n t a t i o n  d i d  however c r e a t e  two 

problems f o r  t h e  v l f  experiment which 'need exp lana t ion .  F i r s t ,  t h e  space- 

c r a f t  o r i e n t a t i o n  prevented t h e  s o l a r  a r r a y s  from always p o i n t i n g  towards 

t h e  sun. T h i s  reduced t h e  amount of power a v a i l a b l e  f o r  equipment oper- 

a t i o n .  However, p e r i o d i c  s lewing of t h e  s o l a r  a r r a y s  by command from t h e  

ground made a t  l e a s t  some power a v a i l a b l e  a t  a l l  t i m e s ,  except f o r  two 

"seasons '  each y e a r  of about two months d u r a t i o n  each, and approximately 

c e n t e r e d  on 1 February and 1 August. T h i s  handicap r e s u l t e d  i n  the  loss 

of d a t a  f o r  t h e s e  pe r iods  of time. 

T h e  second problem invo lves  t h e  s p a c e c r a f t ' s  two t e l eme t ry  antennas;  

one a d i r e c t i o n a l  and t h e  o t h e r  a non-d i r ec t iona l  antenna. Improper 

o r i e n t a t i o n  decreased t h e  t e l eme t ry  s i g n a l  l e v e l s  from t h e  s a t e l l i t e  f a r  
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be low t h a t  expect e d. 

Because t h e  omni-direct ional  antenna i s  e c l i p s e d  by the  observatory 

once every 12  seconds t h e  d i r e c t i o n a l  antenna i s  normally used even 

though i t  i s  po in ted  away from t h e  e a r t h  du r ing  most of t he  o r b i t  and 

t h e r e f o r e  provides  much lower s i g n a l  l e v e l s  t han  t h e  omni-direct ional  

antenna. 

The major e f f e c t  of t h i s  condi t ion i s  t o  r e q u i r e  t h e  use of more 

s e n s i t i v e  and e l a b o r a t e  ground receiving equipment than  would normally 

have been necessary.  For in s t ance ,  a t  t h e  S tan fo rd  Un ive r s i ty  f i e l d  s i t e  

i n s t e a d  of being a b l e  t o  u t i l i z e  modest ga in  equipment with a simple 

antenna it was necessary t o  use  t h e  150-foot diameter pa rabo l i c  d i sh  

antenna and a s s o c i a t e d  equipment t o  provide adequate s igna l - to -no i se  r a t i o .  

Two s e p a r a t e  t e l eme t ry  systems a r e  used on OGO-I. The f i r s t  t r a n s -  

m i t s  d i g i t a l  d a t a  t o  t h e  ground using pu l se  code modulation. This  i s  

r e f e r r e d  t o  a s  the PCM t e l e m e t r y .  The second s y s t e m  t r a n s m i t s  a c  v o l t a g e s  

i n  t h e  frequency range 0.3 t o  100 kHz by us ing  them t o  phase-modulate a 

second t r a n s m i t t e r .  

(SP) t e l eme t ry ,  Vlf d a t a  i s  returned t o  s a t e l l i t e  monitoring s t a t i o n s  

v i a  e i t h e r  t e l eme t ry  system. Data from t h e  PCM te l eme t ry  system appear 

on a s t r i p - c h a r t  recording such as shown i n  F igs .  4 through 15, or on a 

16mm f i l m  record a s  shown i n  Fig. 16. Typ ica l  v l f  d a t a  from t h e  SP 

t e l e m e t r y  a r e  shown i n  Figs .  17 through 22. 

I f  T h i s  system i s  r e f e r r e d  t o  a s  t h e  s p e c i a l  purpose" 

B o t h  t e l eme t ry  t r a n s m i t t e r s  ope ra t e  near  400 MHz and may be switched 

s e p a r a t e l y  t o  e i t h e r  t h e  d i r e c t i o n a l  or t h e  omni-direct ional  antenna. 

The s a t e l l i t e  i s  capable of recognizing more than 150 commands from 

t h e  ground. T h i s  a l lows the  observatory t o  be configured i n  a v a r i e t y  

of modes, and t o  ope ra t e  u s e f u l l y  even though some systems f a i l .  

Two t a p e  r e c o r d e r s  a r e  aboard and a v a i l a b l e  f o r  d a t a  s t o r a g e  which 

p e r m i t s  delayed t r ansmiss ion  from another  p a r t  of t he  o r b i t .  

It  i s  no t  proposed a t  t h i s  point  t o  d i scuss  i n  d e t a i l  t h e  d a t a  shown 

i n  F igs .  4 through 22, although these da t a  have been c a r e f u l l y  chosen t o  

i l l u s t r a t e  important a n a l y s i s  po in t s  i n  l a t e r  chap te r s .  

- 19 - SEL- 66- 094 
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FIG. 16. A 16mm FRAME OF DATA FROM THE OGO-I PCM TELEMETRY 
A S  PREPARED BY STANFORD RESEARCH INSTITUTE. The d a t a  a r e  
d i sp l ayed  on a ca thode  ray t u b e  and t h e n  photographed. 
Each frame cove r s  2 .3  seconds of r ea l  t ime.  Note t h e  
s a t e l l i t e  p o s i t i o n a l  pa rame te r s  c o n t a i n e d  on each frame, 
and a l s o  t h e  b a s e - l i n e  i n t e r r u p t i o n s  which s e r v e  a s  "bad 
data"  i n d i c a t o r s .  

Group d e l a y s  of v l f  s i g n a l s  p r o p a g a t i n g  i n  the  w h i s t l e r  mode a r e  

o b t a i n e d  f r o m  r e c o r d s  such a s  shown i n  F igs .  17 and 18, however t h e r e  i s  

only a l i m i t e d  amount of such d a t a  a v a i l a b l e .  A s t r i k i n g  f e a t u r e  of t h e  

group delay d a t a  i s  t h e  l a r g e  range of d e l a y s  observed.  Fo r  i n s t a n c e ,  

between 1842 UT and 1852 UT on 2 Nov. 1964 group d e l a y s  v a r i e d  between 

7 1  m s  and 154 ms. The 1.ay t r a c i n g  r e s u l t s  i n  Chap te r  V I 1  i n d i c a t e  t h a t  

d e l a y s  of t h i s  magnitude a r e  r e a s o n a b l e  f o r  t h i s  s a t e l l i t e  l o c a t i o n ,  

SEL-66 -094 - 32 - 
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F I G .  17. A TYPICAL DISPLAY OF DATA FROM THE S A T E L L I T E  VCO V I A  THE 
S P E C I A L  PURPOSE TELEMETRY A S  PREPARED BY THE STANFORD RADIOSCIENCE 
LABORATORY. The NPG and WW s i g n a l s  a r e  o b t a i n e d  from r e c e i v e r s  
a t  S t a n f o r d  and are  i n s e r t e d  s imultaneously as t h e  VCO s i g n a l  i s  
b e i n g  r ece ived  from t h e  s a t e l l i t e  t e l e m e t r y .  
t ime  de lay  between t h e  NPG ground s i g n a l  r e c e i v e d  a t  S t a n f o r d  and 
t h e  same NPG s i g n a l  r e c e i v e d  a t  t h e  s a t e l l i t e  v i a  t h e  whistler-mode. 

Note t h e  obvious 

- 33 - S EL-6 6 - 94 



SEL-66 -94 - 34 - 



m 
0 

- 35 - SEL-66-094 



8 8  > z  

I 

SEL-66-094 - 36 - 



m 

t 
t 

'I 
1 

3 
> 
t 
t 

? 

2 

I 

f 

I 

i 

- 37 - SEL-66- 094 



C U 

-_ 

W k  
w c d  xcd 

Y 

S EL- 66 - 094 - 38 - 



For the  t ime being, a t t e n t i o n  i s  d i r e c t e d  only t o  t h e  mechanics of 

d a t a  p r e s e n t a t i o n .  Note i n  Figs.  4 through 7 t h a t  t h e  output  of a l l  

t h r e e  r e c e i v e r s ,  p l u s  s e r i a l  decimal time, a l l  ob ta ined  from the PCM 

t e l eme t ry ,  appear on 4 s e p a r a t e  channels of a multi-channel s t r i p  c h a r t  

recorder .  This  system of d a t a  p re sen ta t ion  is used by a l l  of t h e  NASA 

s a t e l l i t e  t r a c k i n g  s t a t i o n s .  Amajor advantage of t h i s  type of d i s p l a y  

f o r  t h i s  s tudy is  t h e  f a c t  t h a t  a d d i t i o n a l  confidence i n  t h e  legi t imacy 

of t h e  Band 3 d a t a  may be ob ta ined  by observing s imultaneously the  out-  

p u t s  of t h e  Band 1 and Band 2 r ece ive r s .  For in s t ance ,  t he  no i se  b u r s t s  

i n  t h e  Band 1 and Band 2 ou tpu t s  i n  Figs .  5 and 6 appear only f a i n t l y  

i n  t h e  Band 3 output .  It  i s  c l e a r  t h a t  t h e  s i g n a l s  from Band 3 during 

t h i s  t ime do indeed emanate from NAA. However i n  Fig.  7 ,  it  i s  observed 

t h a t  t h e  s a t e l l i t e  has e n t e r e d  a region of wide-band no i se  s i n c e  the  out-  

p u t s  of a l l  t h r e e  r e c e i v e r s  f l u c t u a t e  i n  synchronism. Were t h e  ou tpu t s  

from Band 1 and Band 2 not  ava i l ab le ,  i t  i s  q u i t e  p o s s i b l e  t h a t  one might 

mis t ake  t h e  Band 3 output  i n  Fig. 7 as r e p r e s e n t i n g  l e g i t i m a t e  (although 

n o i s y )  data .  

I n  Figs .  8 through 15, where i t  is d e s i r e d  t o  show t h e  ou tpu t  of t h e  

Band 3 r e c e i v e r  ove r  r e l a t i v e l y  long per iods of time, Bands 1 and 2 and 

t h e  time channel have been omit ted,  S e r i a l  decimal time has of course 

been e x t r a c t e d  and appears  a t  t he  beginning and end of each record.  
II 

Note i n  Figs .  8 and 9 t h a t  s i g n a l s  from NAA g r a d u a l l y  "fade ou t ,  

which i s  perhaps what one might expect a s  t h e  s a t e l l i t e  s t e a d i l y  moves t o  

h i g h e r  a l t i t u d e s .  However, Figs. 10 through 15 remove a l l  confidence i n  

a s imple "fade out" p a t t e r n  of t h e  s i g n a l  versus  d i s t a n c e .  

" b u r s t s "  of h igh ly  d i s c r e t e  s i g n a l s  (one may e a s i l y  read the  Morse code 

i n  t h e  a r e  observed a s  the d i s t a n c e  from t h e  v l f  s t a t i o n  t o  t h e  

s a t e l l i t e  i nc reases .  

Here, i n t e n s e  

F igu re  16 shows a s i n g l e  16mm frame which i s  t y p i c a l  of t he  method 

u t i l i z e d  by S tan fo rd  Research I n s t i t u t e  (SRI) t o  d i s p l a y  vlf  da t a  ob ta ined  

from the PCM t e l eme t ry .  With t h e  S R I  system, t h e  vlf  d a t a  from a l l  t h r e e  

r e c e i v e r s ,  along with a l l  p e r t i n e n t  s a t e l l i t e  p o s i t i o n a l  information,  t ime, 

e t c . ,  a r e  displayed on a cathode ray tube and then  photographed on 16mm 

f i l m .  I n  t h e  high b i t  r a t e  (such a s  shown by Fig.  16 )  each frame covers  

2 . 3  seconds of r e a l  t ime da ta ,  and t h e  beginning time of each frame i s  
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i n d i c a t e d  t o  the n e a r e s t  mi l l i s econd .  

An advantage of t h e  SRI system is t h e  f a c t  t h a t  one may examine a 

s i n g l e  frame a t  a time, having a l a r g e  amount of p e r t i n e n t  p o s i t i o n a l  

and support ing information a t  h i s  d i s p o s a l  which c e r t a i n l y  f a c i l i t a t e s  

both d a t a  reduct ion and i n t e r p r e t a t i o n .  Or, one may run t h e  f i l m  a t  any 

d e s i r e d  speed, thereby qu ick ly  ob ta in ing  an e x c e l l e n t  o v e r a l l  view of 

what t h e  r ece ive r  ou tpu t s  a r e  p re sen t ing  versus  time. 

Figure 17 shows a t y p i c a l  d i s p l a y  of d a t a  taken from t h e  SP t e l eme t ry  

recorded at  S t an fo rd .  On d a t a  recorded a t  S t an fo rd ,  s e r i a l  decimal time 

i s  not  a v a i l a b l e ,  hence time s i g n a l s  from e i t h e r  NBA, WWVB, or W W V / W H  

a r e  in se r t ed .  Also on t h e  S tan fo rd  record,  t h e  ground s i g n a l  from t h e  vlf  

s t a t i o n  t o  which t h e  OGO-I Band 3 r e c e i v e r  i s  tuned i s  i n s e r t e d .  Note i n  

Fig.  17 t h a t  t h i s  is a h igh ly  d e s i r a b l e  f e a t u r e ,  s i n c e  i t  enables  an 

accu ra t e  determinat ion t o  be made of t h e  t ime delay between t h e  time a 

t ransmission from a v l f  ground s t a t i o n  reaches S tan fo rd  ( a t  t h e  speed of 

l i g h t ,  c )  and the  time a t  which t h a t  same t r ansmiss ion  reaches the  s a t -  

e l l i t e  ( a t  group v e l o c i t y  v i a  t h e  w h i s t l e r  mode). 

I n  Fig.  17 (which is a Rayspan r eco rd )  t h e  frequency of t h e  s a t e l l i t e  

VCO i s  determined by t h e  amplitude of t h e  v l f  s i g n a l s  received by the  

Band 3 receiver .  The frequency of t h e  VCO dec reases  approximately a s  t he  

logari thm of t h e  amplitude. I t  i s  t h e r e f o r e  t r a n s l a t e d  a t  S t an fo rd  using 

an o s c i l l a t o r  frequency of approximately 40 kHz so t h a t  on t h e  Rayspan 

record a s i g n a l  appears a t  roughly 7 kHz which i n c r e a s e s  i n  frequency w i t h  

i n c r e a s i n g  amplitude. The ground s i g n a l  and time a r e  a l s o  t r a n s l a t e d  s o  

t h a t  they appear on the r eco rd  as  shown. The c h i e f  advantage of t h e  

S tan fo rd  record is t h a t  i t  allows a c c u r a t e  time-delay determinat ion.  

Figures 18 through 22 show a long p e r i o d  of CW t r ansmiss ion  from N E .  

T h i s  i s  t h e  l onges t  CW t r ansmiss ion  i n  a l l  of t h e  da t a ,  and i s  shown i n  

i ts  e n t i r e t y  i n  o r d e r  t o  demonstrate t h e  depth and frequency of 

f a d i n g  of the OGO-I whistler-mode s i g n a l s  f o r  a p a r t i c u l a r  i onosphe r i c  

l o c a t  ion.  

From 1840:15 UT u n t i l  1843:49 UT i n  F i g s .  18, 19, 20, and 21, N E  

i s  t r ansmi t t i ng  a s p e c i a l  FM” pu l se  schedule .  

output  i s  near ly  c o n s t a n t ,  but t h e  t r a n s m i t t e r  c a r r i e r  frequency i s  swept 

l i n e a r l y  i n  time from 18.55 kHz t o  18.65 kHz every two seconds. Since 

I t  I n  t h i s  mode the  power 
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t h e  s a t e l l i t e  Band 3 r e c e i v e r  has a 500 Hz bandwidth, t h i s  t o t a l  c a r r i e r  

frequency s h i f t  of 100 Hz ( c e n t e r  frequency +50 Hz) should not  r e s u l t  i n  

any observable  change i n  amplitude a t  t h e  r e c e i v e r  output .  I n  o t h e r  words, 

t h e  "FM" schedule  is, f o r  t h e  purpose of amplitude s t u d i e s ,  t h e  same a s  a 

t r u e  key-down (CW) t ransmission.  

- 

A d i s c u s s i o n  i n  S e c t i o n  F of t h i s  c h a p t e r  o u t l i n e s  t h e  need f o r  r e l a t i n g  

t h e  maximum and average values  of the measured data .  The d a t a  shown i n  

Figs .  18 through 22 were u t i l i z e d ,  along with a l l  o t h e r  a v a i l a b l e  key-down 

p e r i o d s  from both s a t e l l i t e s  i n  o rde r  t o  determine t h i s  r e l a t i o n s h i p .  

Typ ica l  key-down fad ing  p a t t e r n s  of whistler-mode s i g n a l s  r ece ived  a t  low 

a l t i t u d e s  by OGQ-I1 a r e  shown i n  Figs. 52, 53, and 54 of Chapter V. 

The s a t e l l i t e  t r a c k i n g  s t a t i o n s  and the U.S. Navy v l f  s t a t i o n s  from 

which d a t a  were used throughout t h i s  s tudy a r e  l i s t e d  i n  Table 2. T h i s  

pe rmi t s  easy i d e n t i f i c a t i o n  of t h e  code abbrev ia t ions  used i n  many of 

t h e  i l l u s t r a t i o n s .  

E,  SOURCE OF ERRORS 

A s  mentioned e a r l i e r ,  c a l i b r a t i o n  of t h e  vlf  r e c e i v e r s  is  performed 

on every 16 th  sweep when t h e  r ece ive r s  a r e  i n  t h e  sweeping mode. I t  is 

an easy m a t t e r  t o  compare amplitudes of t h e s e  c a l i b r a t i o n  s i g n a l s  u s ing  

t h e  s t r i p - c h a r t  or 16mm f i l m  records ob ta ined  from t h e  PCM te lemetry.  

T h i s  procedure s u p p l i e s  evidence t h a t  t h e  c a l i b r a t i o n  l e v e l  has not changed, 

and t h a t  amplitudes of v l f  s i g n a l s  i n d i c a t e d  by t h e s e  two methods of d a t a  

r e d u c t i o n  a r e  a c c u r a t e  t o  w i t h i n  - +1 db [L. H. Rorden and B. P. F i c k l i n ,  

p r i v a t e  communication]. 

Unfortunately,  one may no t  place such high confidence i n  t h e  amplitudes 

of v l f  s i g n a l s  as i n d i c a t e d  by t h e  VCO v i a  t h e  s p e c i a l  purpose te lemetry.  

Because of changes i n  o p e r a t i n g  power n e c e s s i t a t e d  by improper s a t e l l i t e  

s t a b i l i z a t i o n  a s  desc r ibed  i n  Sect ion D, temperatures  i n s i d e  t h e  main body 

have f l u c t u a t e d  a s  much a s  20 C. This may have caused t h e  c e n t e r  frequency 

of t h e  VCO t o  d r i f t  as much a s  2 kHz, with t h e  r e s u l t  t h a t  prelaunch 

c a l i b r a t i o n  curves of VCO frequency versus  amplitude a r e  no t  accurate .  

T h i s  temperature  f l u c t u a t i o n  has a l s o  caused t h e  master  l o c a l  o s c i l l a t o r  

f requency t o  d r i f t  somewhat, with the  r e s u l t  t h a t  t h e  sequence of commands 

necessa ry  to tune t h e  Band 3 r ece ive r  t o  a given frequency is not constant .  

0 
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TABLE 2. LOCATIONS OF PERTINENT STATIONS. 

Code Loca t ion  Geographic G e om agn e t i c 
Coordinates  L a t i t u d e  

BY 

DA 

SKA 

J O  

QU 

RO 

SA 

ST 

NAA 

NFG 

Byrd S t a t i o n ,  
An ta rc t i ca  

Da r w i  n , Au s t r a  1 i a 

Fairbanks,  Alaska 

Johannesburg, 
South A f r i c a  

Quito, Ecquador 

Rosman, 

Santiago, Ch i l e  

Stanford,  
C a l i f o r n i a  

Cut ler ,  Maine 
17.8 kHz 1,000 kw 

J i m  Creek, 

18.6 kHz 250 kw 

North Caro l ina  

Washington 

80. OoS 

12.4OS 

65. OoN 

26.5OS 

0.2OS 

35. OoN 

33.5OS 

37.4ON 

44.6ON 

48.2ON 

120. oow 

131. OoE 

147 5OW 

28. OoE 

78.5OW 

83. OoW 

70.7OW 

122.2OW 

67.3OW 

121.9OW 

70.6's 

23. OoS 

64.5'N 

27. OoS 

11. OoN 

47. OoN 

22. OOS 

43.7'N 

56. OoN 

54. OoN 

The temperature e f f e c t  on t h e  VCO c a l i b r a t i o n  i s  obviously a s e r i o u s  

one. However, s i n c e  t h e r e  a r e  occasions when t h e  same v l f  d a t a  a r e  being 

recovered simultaneously from both t e l eme t ry  channels,  i t  has  been p o s s i b l e  

t o  compare amplitudes a s  i n d i c a t e d  by t h e  VCO with amplitudes a s  i n d i c a t e d  

simultaneously by t h e  d i g i t a l  channel,  and the reby  s y n t h e s i z e  a new c a l -  

i b r a t i o n  curve f o r  t h e  VCO a t  a given temperature .  Thus it i s  p o s s i b l e  t o  

determine with a f a i r  degree of accuracy t h e  amplitudes of v l f  s i g n a l s  a s  

i n d i c a t e d  by t he  VCO during pe r iods  of t ime when t h e s e  same d a t a  a r e  not 

a v a i l a b l e  from t h e  PCM telemetry.  

Cross c o r r e l a t i o n  of amplitudes a s  i n d i c a t e d  by t h e  VCO and t h e  P C M  

t e l eme t ry  a t  t imes when both a r e  a v a i l a b l e  have shown, except f o r  one 

i n s t a n c e ,  t h a t  t h e  VCO may be i n t e r p r e t e d  c o r r e c t l y  w i t h i n  approximately 

+5 db. The except ion,  which occurred on 1 A p r i l  1965, contained a - 
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discrepancy of approximately 15 db between t h e  VCO and the  d i g i t a l  data .  

On t h i s  occasion t h e  VCO frequency was e r r a t i c  and t h e  discrepancy could 

no t  be resolved.  I n  a l l  of t h e  data  r educ t ion  work, where redundant d a t a  

were a v a i l a b l e ,  amplitudes ind ica t ed  by t h e  d i g i t a l  channel and PCM 

t e l eme t ry  were accepted a s  the most accu ra t e .  

The temperature e f f e c t  on the master l o c a l  o s c i l l a t o r  proved t o  be 

more of an inconvenience than  a source of e r r o r .  Had the  s p a c e c r a f t  

temperature  been s t a b l e  a s  planned, t un ing  up t o  any given frequency 

would have been simply a ma t t e r  of sending t h e  proper  sequence of 

commands from the  ground. With t h e  unexpected temperature  v a r i a t i o n ,  

t h e  tun ing  procedure became more complicated. 

To tune t h e  Band 3 r e c e i v e r  t o  a g iven  frequency i t  became necessary 

t o  monitor t h e  master  l o c a l  o s c i l l a t o r  frequency by use of t he  150-foot 

p a r a b o l i c  d i s h  antenna ope ra t ed  by the S tan fo rd  Radar Astronomy Center,  

while  a t  t h e  same time reques t ing  s p e c i f i c  s a t e l l i t e  commands by t e l e -  

phone from t h e  OGO c o n t r o l  c e n t e r  a t  Greenbel t ,  Maryland. Thus i t  was 

p o s s i b l e  t o  tune t h e  r e c e i v e r  t o  any g iven  frequency with complete 

assurance t h a t  t h e  tun ing  had been conducted s u c c e s s f u l l y .  

Another p o t e n t i a l  source of e r r o r  i nvo lves  t h e  o r i e n t a t i o n  of the 

s a t e l l i t e  loop antenna w i t h  r e s p e c t  t o  t h e  e a r t h ' s  magnetic f i e l d .  

I t  can be shown [ R a t c l i f f e ,  1959l that  for t h e  QL ( q u a s i - l o n g i t u d i n a l )  

ca se  t h e  magnetic f i e l d  v e c t o r  of the whistler-mode wave is  c i r c u l a r l y  

p o l a r i z e d  i n  t h e  plane of t h e  wavefront, and i s  perpendicular  t o  t h e  

wave normal. I f  one assumes s t r i c t l y  f i e l d - a l i g n e d  propagation with 

sma l l  wave normal ang le s ,  then the  H v e c t o r  of t h e  wave w i l l  be r o t a t i n g  

i n  a p l ane  t h a t  is e s s e n t i a l l y  perpendicular  t o  t h e  e a r t h ' s  magnetic 

f i e l d  l i n e s .  Therefore  t h e  loop antenna would not  be expected t o  r ece ive  

t h e s e  s i g n a l s  whenever t h e  a x i s  of the loop was a l igned  (or n e a r l y  so)  

wi th  t h e  geomagnetic f i e l d .  

The assumption of small  wave normal angles  i s  not unreasonable f o r  

18 kHz s i g n a l s  which have propagated up only one s i d e  of a f i e l d  l i n e .  

One may expect t h a t  t h e  wave normal ang le s  of such waves a r e  cons ide rab ly  

less than  45 [R. L. Smith, p r i v a t e  communication]. T h i s  assumption i s  

f u r t h e r  j u s t i f i e d  by the  ray t r a c i n g  r e s u l t s  contained i n  Chapter V I I .  

0 
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Furthermore, i t  i s  r e c a l l e d  t h a t  t h e  loop s e n s i t i v i t y  i s  a cos ine  func t ion  

of t h e  angle between t h e  plane of t h e  loop and t h e  wave normal, and i t s  

s e n s i t i v i t y  would be reduced only 3 db f o r  an angle  of 45O. 

Whether o r  not an alignment of t he  loop a x i s  and the  e a r t h ' s  magnetic 

f i e l d  does indeed occur  is  an easy m a t t e r  t o  determine. The loop a x i s  

( s a t e l l i t e  z - ax i s )  i s  e s t ima ted  t o  l i e  between -5 t o  -18 d e c l i n a t i o n  

and +44O r i g h t  ascension.  The s p a t i a l  coo rd ina te s  of t h e  d i r e c t i o n  of 

t h e  e a r t h ' s  magnetic f i e l d  f o r  a l l  p o r t i o n s  of t h e  OGO-I o r b i t  a r e  

p r i n t e d  out i n  t h e  ephemeris de r ived  from t h e  a f t e r - t h e - f a c t - o r b i t - a t t i t u d e  

t a p e s  produced by Goddard Space F l i g h t  Center  (GSFC). A comparison of 

t h e s e  two se t s  of coord ina te s  r e s o l v e s  t h e  problem. Such a comparison 

has  been made f o r  a l l  pe r iods  of time when fixed-frequency v l f  d a t a  were 

being obtained from t h e  Band 3 r e c e i v e r .  On only one occasion d i d  they 

approach coincidence s u f f i c i e n t l y  c l o s e l y  t h a t  t he  loop would not be 

expected t o  respond a c c u r a t e l y  t o  f i e l d - a l i g n e d  s i g n a l s .  T h i s  happened 

a t  approximately 0350 UT on 1 Apr i l  1965. However, t he  NAA s i g n a l s  had 

faded ou t  from n a t u r a l  causes  approximately 20 minutes e a r l i e r .  It i s  

t h e r e f o r e  be l i eved  t h a t  loop o r i e n t a t i o n  may be r u l e d  out  a s  a p o s s i b l e  

source of e r r o r  i n  t h i s  study. 

0 0 

The unexpected spinning of t h e  s a t e l l i t e  w i t h  a 12 second pe r iod  is  

ano the r  poss ib l e  e r r o r  source.  A s  noted above, t h e  loop a x i s  o r i e n t a t i o n  

is known t o  have a d e c l i n a t i o n  of between -5 and -18 and a r i g h t  

a scens ion  of +44 . Independent measurements p l ace  t h e  most probable s p i n  

a x i s  o r i e n t a t i o n  a t  -9 d e c l i n a t i o n  and +42.5 r i g h t  ascension.  Hence 

t h e  s p i n  ax i s  is s u f f i c i e n t l y  p a r a l l e l  t o  t h e  loop a x i s  t h a t  although t h e  

loop 

t h a t  no observable e f f e c t  would be expected. None has  been observed i n  

t h e  da t a ,  and t h e r e f o r e  s p i n  has a l s o  been r u l e d  out  a s  a source of e r r o r .  

A s  a ma t t e r  of f a c t ,  t h i s  wobble" i s  a good t e s t  of whether t h e  vlf  

s i g n a l s  a r r i v e  a t  an angle c l o s e  t o  t h e  n u l l  of t he  loop antenna. I f  

t h e y  did,  the "wobble" would cause modulation of t h e  d a t a .  

modulation has been observed i n  t h e  da t a ,  t he  assumption of small wave 

normal angles made above appears even more j u s t i f i a b l e .  

0 0 

0 

0 0 

'I  wobbles" a b i t  a s  t h e  s a t e l l i t e  s p i n s  t h e  d e v i a t i o n  i s  so  s l i g h t  

1f 

Since no 

I n a b i l i t y  t o  a c c u r a t e l y  read t h e  SRI f i l m  p r e s e n t a t i o n ,  due t o  such 

t h i n g s  as abberat ions i n  t h e  p r o j e c t i o n  process ,  probably in t roduces  a 
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2 or 3 db u n c e r t a i n t y .  T h i s  i s  a random e r r o r  which probably must be 

accept  e d . 
Since t h e  s t r i p - c h a r t  r eco rde r s  may be a c c u r a t e l y  c a l i b r a t e d  f o r  

f u l l - s c a l e  d e f l e c t i o n  a t  t h e  time each record i s  made, and t h e  vo l t age  

l e v e l  of t h e  c a l i b r a t i o n  s i g n a l  i n  the s a t e l l i t e  i s  a c c u r a t e l y  known, it 

i s  be l i eved  t h a t  t he  accuracy of these r eco rds  i s  w i t h i n  1 or 2 db. 

F. DATA REDUCTION 

Telemetry s i g n a l s  from t h e  OGO s a t e l l i t e s  a r e  received a t  t h e  ground 

d a t a  a c q u i s i t i o n  s t a t i o n s ,  demodulated, and recorded on magnetic tape.  

These t a p e s  a r e  then  s e n t  t o  GSFC f o r  f u r t h e r  processing and i n d i v i d u a l  

experiment decommutation. The da ta  processing branch a t  GSFC c a r r i e s  

r e s p o n s i b i l i t y  f o r  t h e  prel iminary processing and r educ t ion  of t h e  f l i g h t  

experimental  d a t a  up t o  and including decommutation. Data processing 

beyond t h i s  p o i n t  i s  t h e  r e s p o n s i b i l i t y  of t h e  i n d i v i d u a l  experimenters.  

I n  t h e  case  of t he  H e l l i w e l l  vlf  experiment, d a t a  processing of t h e  PCM 

t e l e m e t r y  is t h e  r e s p o n s i b i l i t y  of SRI. P rocess ing  of t h e  s p e c i a l  purpose 

t e l e m e t r y  used i n  t h i s  s tudy has been accomplished by t h e  Radioscience 

Laboratory a t  S t an fo rd  Universi ty .  A f low diagram of t h e  OGO System 

Operat ions is  shown i n  Fig. 23. 

The method of d a t a  p r e s e n t a t i o n  shown by Figs .  4 through 15 needs no 

c l a r i f i c a t i o n .  These d a t a  were taken d i r e c t l y  from t h e  PCM te l eme t ry  

r e c o r d s  a t  GSFC by t h e  au tho r  using t h e  Data Word S e l e c t o r  Equipment and 

multi-channel c h a r t  r eco rde r s  a v a i l a b l e  t h e r e .  The a s s i s t a n c e  of M r .  R. 

B r i t t n e r  of GSFC i s  g r a t e f u l l y  acknowledged. 

S i m i l a r l y ,  t h e  Rayspan method shown i n  Figs.  17 through 22 is widely 

used by t h e  S tan fo rd  Radioscience Laboratory and i s  convent ional  i n  i t s  

a p p l i c a t i o n  t o  t h e  OGO d a t a ,  The SRI method shown i n  Fig. 16 was developed 

s p e c i f i c a l l y  for t h e  processing of CGO PCM da ta ,  and a b r i e f  d i scuss ion  of 

t h i s  method fol lows.  

The SRI method invo lves  a four-pass computer processing system; the  

f i r s t  t h r e e  passes  on a Burroughs B5500 computer, t he  f i n a l  pass on a 

Con t ro l  Data Corporat ion 160-A, The f i r s t  pass  processes  the  s a t e l l i t e  

a t t i t u d e - o r b i t  magnetic t ape  da t a .  The second pass  processes  t h e  r e a l  
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and s tored-t ime d i g i t a l  experimental  magnetic t ape  da t a .  The t h i r d  pass  

r e s u l t s  i n  t h e  product ion of a d i sp l ay  t a p e  f o r  t h e  CDC computer. T h i s  

pass  i n t e g r a t e s  t h e  experimental  d a t a  with t h e  a s s o c i a t e d  t ime-ordered 

s a t e l l i t e  a t t i t u d e - o r b i t  parameters ,  t h u s  producing an ou tpu t  t ape  con- 

t a i n i n g  information t o  be used as an  i n p u t  t o  t h e  CDC computer. The 

f o u r t h  and f i n a l  pass  r e s u l t s  i n  t h e  product ion of a 16mm f i l m ,  one frame 

of which is  shown i n  Fig. 16. T h i s  f i l m  d i s p l a y s  t h e  c o n t e n t s  of t h e  CDC 

d i s p l a y  t a p e  which was generated during pass number t h r e e .  The computer 

program f o r  pass  number f o u r  is designed t o  take t h e  information from t h e  

magnetic d i s p l a y  t ape  and p resen t  t h i s  information on t h e  f a c e  of a cathode 

r a y  tube  where it i s  fi lmed. The f i n a l  r e s u l t  (16mm f i l m  a s  shown i n  

Fig.  1 6 )  enables  one t o  examine l a rge  q u a n t i t i e s  of d a t a  r a p i d l y  i f  t h e  f i l m  

i s  p r o j e c t e d  a t  t h e  customary r a t e  of 16 or 24 frames p e r  second, or t o  

examine each frame i n  d e t a i l  i f  single-frame p r o j e c t i o n  is used. To o b t a i n  

t h e  PCM te l eme t ry  d a t a  contained i n  t h i s  s tudy t h e  a u t h o r  sca l ed  an e s t i -  

mated 5,000 frames such a s  shown i n  Fig. 16. 

I n  s c a l i n g  t h e  da t a ,  t h e  maximum s i g n a l  i n t e n s i t y  of each frame is  

recorded;  t h e s e  maximum values  a r e  shown by t h e  cont inuous l i n e s  i n  a l l  

p l o t s  of f i e l d  i n t e n s i t y  versus  un ive r sa l  time f o r  OGO-I, and f i e l d  

i n t e n s i t y  versus  magnetic l a t i t u d e  f o r  OCO-I1 ( s ee  F igs .  34 through 44, 

and F i g s .  56 through 89). While one would p r e f e r  t o  have t h e  average 

value of f i e l d  i n t e n s i t y  from each frame r a t h e r  than t h e  peak value,  t h i s  

i s  v i r t u a l l y  impossible f o r  t w o  reasons: 1) the  l a r g e  number of frames of 

d a t a  t o  be sca l ed ,  and t h e  i n h e r e n t  d i f f i c u l t y  of qu ick ly  y e t  accu ra t e ly  

determining t h e  average value f o r  each frame; and 2)  only a small  p o r t i o n  

of t h e  d a t a  is key-down (CW) transmission. Probably more than 99% of the  

d a t a  r e p r e s e n t s  c o n d i t i o n s  where t h e  v l f  s t a t i o n  i s  t r a n s m i t t i n g  t r a f f i c  

( i n t e r r u p t e d  CW). Hence, t h e r e  a r e  many pe r iods  i n  most frames where no 

s i g n a l  i s  being t r a n s m i t t e d .  

v a r i a b l e  and depends on such t h i n g s  a s  t he  sequence of d o t s  and dashes 

used i n  t h e  message, and on t h e  method of keying t h e  t r a n s m i t t e r  (hand- 

keying, o r  t a p e ) ,  

t h e  background no i se  l e v e l  i t  i s  d i f f i c u l t  t o  determine p r e c i s e l y  whether 

t h e  l a c k  of s i g n a l  i s  due t o  a " s i l e n t "  t r ansmiss ion  pe r iod  or due t o  f ad ing  

of t h e  s i g n a l  being scaled.  

I 1  The du ra t ion  of t h e s e  s i l e n t "  pe r iods  is 

Also, f o r  frames where t h e  s i g n a l  i n t e n s i t y  i s  nea r  
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The use fu lness  of t h e  peak value,  i ts  p o s s i b l e  r e l a t i o n  t o  t h e  average 

value,  and f u r t h e r  arguments i n  f a v o r  of i t s  use w i l l  now be presented.  

Since the o b j e c t  of t h i s  s tudy  is t o  compare c a l c u l a t e d  i n t e n s i t i e s  

(which a r e  based on average power) w i th  measured i n t e n s i t i e s ,  one obviously 

would l i k e  t o  have t h e  average value from each frame. However, i t  i s  

d i f f i c u l t  indeed t o  a c c u r a t e l y  s c a l e  an average value from a frame of 

d a t a ,  w i t h o u t  becoming involved i n  a l a b o r i o u s  and p r o h i b i t i v e l y  time- 

consuming process.  On t h e  o t h e r  hand, i t  i s  a r e l a t i v e l y  easy ma t t e r ,  

and probably a c c u r a t e  t o  w i t h i n  1 or 2 db, t o  simply l ay  a s t r a i g h t - e d g e  

ac ross  a frame of d a t a  (us ing  only frames r e p r e s e n t i n g  key-down t r a n s -  

mis s ions )  and read t h e  median value.  Then t h e  problem becomes one of 

determining how t h e  average r e l a t e s  t o  t h e  median; a r e l a t i o n s h i p  which 

depends on t h e  s t a t i s t i c s  of t h e  s i g n a l  envelope. Unfortunately,  t h e  

s t a t i s t i c s  of t h e  envelope a r e  not  known a t  t h i s  time. Therefore ,  a s  an 

a l t e r n a t i v e ,  i t  was decided t o  conduct a s tudy  of a l l  a v a i l a b l e  key-down 

pe r iods  of d a t a  i n  o r d e r  t o  determine t h e  r a t i o  between the  maximum and 

the  median of t h e  received s i g n a l .  This  provides  an i n d i c a t i o n  of what 

one would expect t he  average t o  be. 

To do t h i s ,  one f i r s t  of a l l  no te s  t h a t  t h e  r ece ived  s i g n a l  i s  not 

contaminated by a d d i t i v e  noise .  Assurance t h a t  t h i s  i s  the  case  f o r  t h e  

records being sca l ed  comes from t h e  f a c t  t h a t  t h e  s i g n a l  i n t e n s i t y  is  

a t  l e a s t  20 db above the background n o i s e  l e v e l  f o r  a l l  key-down pe r iods  

sca l ed ,  Hence, i t  i s  probably s a f e  t o  assume t h a t  t h e  s t a t i s t i c s  of t h e  

envelope are determined by t h e  s t a t i s t i c s  of t h e  f ad ing  of t h e  s i g n a l .  

I n  add i t ion ,  one must be c a r e f u l  t o  u t i l i z e  i n  a given s tudy only t h o s e  

d a t a  which were obtained by a common sampling r a t e .  For i n s t a n c e ,  i t  

is necessary t o  s e p a r a t e  the OGO-I and OGO-I1 d a t a  f o r  t h e  key-down 

pe r iods  s tud ied  here ,  s i n c e  one frame of d a t a  f o r  OGO-I r e p r e s e n t s  2.3 

seconds of r e a l  time, bu t  one frame of d a t a  f o r  OGO-I1 r e p r e s e n t s  approx- 

imately 73 seconds of r e a l  time. 

A use fu l  comparison may now be drawn. I f ,  f o r  example, one aSSUmeS 

t h a t  Rayleigh f ad ing  is  involved ( t h i s  would mean t h a t  t h e  received 

envelope i s  Rayleigh d i s t r i b u t e d )  i t  i s  easy t o  determine t h a t  t he  r a t i o  

of average t o  median is approximately 1.14. See f o r  i n s t a n c e ,  ParZen 

[1960], Omura and Ka i l a th  [1g65]. It  i s  probably reasonable  t o  assume f o r  
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t h e  purposes of t h i s  d i s c u s s i o n  t h a t  t he  r a t i o  of median t o  average of t h e  

OGO d a t a  i s  n e a r  u n i t y .  

U n t i l  t h e  s t a t i s t i c s  of t h e  s igna l  a r e  b e t t e r  def ined t h i s  appears t o  

be a reasonable  po in t  t o  conclude the d i scuss ion .  I f  one assumes t h a t  

t h e  received s i g n a l  i s  t h e  summation of components from many paths ,  t hen  

t h e  assumption of gauss i an  s i g n a l  and a Rayleigh envelope i s  w e l l  j u s t i f i e d  

[H. M. Hal l ,  p r i v a t e  communication]. 

The r e s u l t s  of s c a l i n g  a l l  of t h e  a v a i l a b l e  key-down pe r iods  f o r  both 

OGO-I and OGO-I1 d a t a  appear i n  F igs ,  24 and 25. These measured median 

va lues  a r e  a l s o  p l o t t e d  on the  f i e l d  s t r e n g t h  r eco rds  i n  Chapters I V  and 

VI. 

I n  o r d e r  t o  i n t e r p r e t  t h e  d a t a  properly one must know something about 

t h e  i n t e g r a t i o n  t i m e  c o n s t a n t s  of t h e  r e c e i v e r  being used aboard t h e  OGO 

s a t e l l i t e s .  Three f a c t o r s  determine t h e  r e c e i v e r  c a p a b i l i t y  t o  respond 

p r o p e r l y  t o  a received s i g n a l :  1) the i n t e g r a t i o n  time cons t an t  of t h e  

IF band pass  f i l t e r ;  2 )  t h e  i n t e g r a t i o n  t ime cons t an t  of t h e  d e t e c t o r  

ou tpu t  f i l t e r ;  and 3 )  t h e  sampling r a t e  of t h e  t e l eme t ry  system. The 

i n t e g r a t i o n  t ime cons t an t  of t h e  d e t e c t o r  ou tpu t  f i l t e r  and the  sampling 

r a t e  both depend upon t h e  b i t  r a t e  of t h e  r ea l - t ime  equipment group used 

i n  each s a t e l l i t e .  For OGO-I a l l  of t h e  PCM d a t a  contained i n  t h i s  s t u d y  

were ob ta ined  from t h e  Band 3 r e c e i v e r  using t h e  64 k i lob i t / s econd  d a t a  

r a t e ,  I n  t h i s  c o n f i g u r a t i o n  t h e  i n t e g r a t i o n  t i m e  cons t an t  of t h e  d e t e c t o r  

ou tpu t  f i l t e r  i s  2 m s ,  t h e  i n t e g r a t i o n  time cons t an t  of t h e  IF band pass  

f i l t e r  i s  1.6 m s ,  and the  sampling per iod i s  9 m s  (111 samples p e r  second). 

Hence, t h e  l i m i t i n g  f a c t o r  is the  sampling r a t e .  

Th i s  is  not  a p a r t i c u l a r l y  se r ious  l i m i t a t i o n  when one cons ide r s  t h a t  

t h e  r i s e  t i m e s  of t h e  modulation envelope of t he  v l f  t r a n s m i t t e r s  u t i l i z e d  

i n  t h i s  s tudy  a r e  on t h e  o r d e r  of 10  t o  15 m i l l i s e c o n d s  [W.  Cornel l ,  

p r i v a t e  communication]. I n  add i t ion ,  t h e  most r a p i d  f ad ing  observed i n  

t h e  OGO-I d a t a  by means of t h e  VCO whose response i s  not  l i m i t e d  by t h e  

above f a c t o r s  ( a s  d i scussed  below) seems t o  have a minimum period on t h e  

o r d e r  of 100 mi l l i s econds .  Therefore, i t  i s  probably s a f e  t o  assume t h a t  

most of t h e  c h a r a c t e r i s t i c s  of t he  received s i g n a l  a r e  passed by t h e  equip- 

ment and t h a t  t h e  amplitude v a r i a t i o n s  shown by the  OGO-I d a t a  r ep resen t  t r u e  

f a d i n g ,  not e f f e c t s  caused by band l i m i t i n g .  
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F I G .  24. RATIO OF PEAK TO MEDIAN VALUES ( I N  DB) AS SCALED 
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FIG. 25. RATIO OF PEAK TO MEDIAN VALUES ( I N  DB) AS SCALED 
FROM KEY-mW PERIODS OF DATA FROM OGO-11. Sampling per iod  = 
73 seconds. 
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For  t h e  OGO-I1 amplitude d a t a ,  w h i c h  were ob ta ined  from t h e  phase 

t r a c k  r e c e i v e r  i n  t h e  s t o r e d  d a t a  mode (4 k i lob i t / s econd  d a t a  r a t e ) ,  the  

l i m i t i n g  f a c t o r  i s  t h e  sampling r a t e ,  I n  t h i s  c o n f i g u r a t i o n ,  t h e  amplitude 

and phase of t h e  phase t r a c k  r ece ive r  are sampled 6.94 t imes pe r  second. 

Therefore  one would expect amplitude ambigui t ies  t o  be introduced by the 

r e c e i v e r  f o r  f ad ing  r a t e s  t h a t  exceed a few c y c l e s  p e r  second. Data from 

t h e  s p e c i a l  purpose t e l eme t ry  system a r e  not s u b j e c t  t o  the  r e s t r a i n t s  

of t h e  equipment o u t l i n e d  above, The bandwidth of t h i s  channel i s  500 H z  

through t h e  IF c i r c u i t s ;  however, t h i s  i s  reduced t o  300 Hz by an input  

f i l t e r  a t  t h e  VCO. Hence, i t  should be p o s s i b l e  t o  observe f ad ing  r a t e s  

as high a s  s e v e r a l  hundred c y c l e s  per second with the  SP system. N o  

f a d i n g  r a t e s  t h i s  high have been observed. The maximum observed r a t e s  

appear  t o  be on t h e  o r d e r  of 10 t o  20  Hz and a r e  shown i n  Figs .  52 and 53. 

G. PRESENTATION OF THE DATA 

By s c a l i n g  r eco rds  such as those shown i n  F igs .  4 through 22, a l l  of 

t h e  a v a i l a b l e  fixed-frequency d a t a  from the  PCM t e l eme t ry  which OGO-I 

has measured have been obtained,  along w i t h  a l l  s imi la r  data  which have 

been ob ta ined  a t  S t an fo rd  v i a  t h e  SP te lemetry.  These measured d a t a  (peak 

v a l u e s )  have been p l o t t e d  a s  f i e l d  i n t e n s i t y  ve r sus  time, a long with 

p e r t i n e n t  s a t e l l i t e  p o s i t i o n a l  information, i n  Figs .  34 through 44. 

Using t h e  procedures o u t l i n e d  i n  Chapter 111, f i e l d  i n t e n s i t i e s  have 

been c a l c u l a t e d  f o r  every s a t e l l i t e  l o c a t i o n  where t h e  above measurements 

were made. These c a l c u l a t e d  values  a r e  p l o t t e d  along with the  measured 

v a l u e s  i n  Figs .  34 through 44. 

It is  not c l e a r  what method should be a p p l i e d  t o  t h e  measured d a t a  i n  

o r d e r  t o  i n d i c a t e  i t s  most probable average value.  The f a c t o r s  i n f luenc ing  

t h i s  choice a r e  d i scussed  i n  d e t a i l  i n  Sec t ion  F above, Based on t h e s e  

arguments and i n  view of t he  l imi t ed  d a t a  a v a i l a b l e ,  i t  appears t h a t  a 

r easonab le  c o r r e c t i o n  f a c t o r  may be obtained by t a k i n g  t h e  average of t h e  

db d i f f e r e n c e  between t h e  peak and median values  shown i n  Figs .  24 and 25. 

There i s  no p a r t i c u l a r  reason why t h i s  method is  suggested i n  preference 

t o  a n o t h e r  except t h a t  it a t  l e a s t  appears t o  be an acceptable  method of 

o b t a i n i n g  an unbiased e s t ima te  of the r a t i o  between peak t o  average values  
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of t h e  measurements. Using t h i s  method, c o r r e c t i o n  f a c t o r s  of approxi- 

mately 7.8 db f o r  t h e  OGO-I1 measurements and 4.3 db f o r  t h e  OGO-I 

measurements a r e  obtained.  

For a l l  f i e l d  i n t e n s i t y  records con ta in ing  key-down pe r iods  (which 

were scaled f o r  median v a l u e s )  t h e  measured median value i s  i n d i c a t e d  on 

each record. (See Fig.  69 f o r  i n s t a n c e . )  Except f o r  t hese  few cases ,  

only t h e  peak values  of t h e  measurements appear on t h e  f i e l d  s t r e n g t h  

f i g u r e s .  The r eade r  should keep t h i s  i n  mind when comparing measured 

and c a l c u l a t e d  values  i n  Chapter I V  and Chapter V I .  
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I I I. F I ELD STRENGTH CALCULAT IONS 

A. INTRODUCTION 

I n  t h i s  chap te r  we d e f i n e  a model whistler-mode p a t h  between a v l f  

t r a n s m i t t e r  and a s a t e l l i t e ,  We then review t h e  c o n t r i b u t i o n s  from o t h e r  

r e s e a r c h e r s  regarding each of t h e  major l o s s  sources  i n  t h i s  model, and 

u t i l i z e  t h e i r  r e s u l t s  t o  c a l c u l a t e  f i e l d  i n t e n s i t i e s  expected a t  any 

g iven  s a t e l l i t e  p o s i t i o n .  These c a l c u l a t i o n s  w i l l  t h e n  be compared t o  

t h e  measured d a t a  i n  Chapters I V  and V I ,  and ref inements  t o  improve the 

model suggested i n  Chapter V I I .  

Wi th  t h e  l o c a t i o n  of both end-points of t h e  path s p e c i f i e d ,  f i e l d  

i n t e n s i t y  a t  t h e  s a t e l l i t e  may be c a l c u l a t e d  on t h e  basis of a model path 

having t h r e e  major sou rces  of l o s s :  1 )  e x c i t a t i o n  of t h e  whistler-mode 

a t  t h e  f o o t  of t h e  f i e l d  l i n e  passing through t h e  s a t e l l i t e ;  2 )  abso rp t ion  

of t h e  s i g n a l  i n  passing through the ionosphere,  and 3 )  divergence w i t h i n  

t h e  ionosphere.  This  model pa th  w i l l  h e r e a f t e r  be r e f e r r e d  t o  as t h e  

f i r s t - approx ima t ion  model. I t  should be noted aga in  t h a t  i tem (1) inc ludes  

t h e  ear th- ionosphere waveguide l o s s  between t h e  v l f  t r a n s m i t t e r  and the  

f o o t  of t h e  f i e l d  l i n e  a s  w e l l  as  t h e  l o s s e s  due t o  r e f l e c t i o n  a t  t h e  

boundary. These l o s s e s  a r e  lumped i n  t h i s  manner i n  t h e  f i r s t - approx ima t ion  

model i n  o r d e r  t o  u t i l i z e  t h e  r e s u l t s  of C r a r y  which a r e  shown i n  Fig.  27. 

The r e s u l t s  of r e s e a r c h e r s  i n  each of t h e s e  t h r e e  gene ra l  a r e a s  w i l l  

be d i scussed  s e p a r a t e l y ,  and then  the r e s u l t s  u t i l i z e d  i n  t y p i c a l  t o t a l -  

pa th  f i e l d  s t r e n g t h  c a l c u l a t i o n s .  

B . EARTH- IONOSPHERE WAVEGUIDE 

The f i r s t  segment of t h e  propagation path between a v l f  ground s t a t i o n  

and t h e  s a t e l l i t e  i n  t h e  f i r s t - approx ima t ion  model is  t h e  earth-ionosphere 

waveguide. T h i s  is  de f ined  a s  t h e  space between t h e  conducting s p h e r i c a l  

s h e l l s  formed by t h e  e a r t h  and t h e  lower edge of t h e  ionosphere.  I t  i s  

now w e l l  e s t a b l i s h e d  t h a t  whistler-mode s i g n a l s  can propagate f o r  s e v e r a l  

thousand k i lome te r s  underneath t h e  ionosphere [ H e l l i w e l l ,  e t  a l ,  1962; 

Pa rks ,  e t  a l ,  1964; and o t h e r s ] .  

A s  energy from a v l f  t r a n s m i t t e r  spreads out  beneath t h e  ionosphere 

SEL-66-094 - 53 - 



c o n t i n u a l  leakage i n t o  t h e  ionosphere occur s  and whistler-mode waves w i l l  

be e x c i t e d  wherever t h e  p o l a r i z a t i o n  of t h e  waves i s  a p p r o p r i a t e .  

F i e l d  i n t e n s i t i e s  a long t h e  guide can be determined approximately by 

e i t h e r  of two methods: 1) a s e r i e s  of waveguide modes [Wait, 19571; or 

2 )  by a s e r i e s  of r a y s  [Budden, 19611. Ray theory (geomet r i ca l  o p t i c s )  

has been widely used i n  w h i s t l e r  work and w i l l  be used here .  Ray-path 

geometry i s  shown i n  Fig.  26. 

/ TRANSMITTER, 1- 

FIG. 26. RAY PATH GEOMETRY FOR PROPAGATION I N  THE EARTH- 
IONOSPHERE WAVEGUIDE. Only the  d i r e c t  and one-hop rays 
a r e  shown. Normally s e v e r a l  r e f l e c t e d  r a y s  a r e  r e q u i r e d  
t o  a c c u r a t e l y  d e s c r i b e  t h e  t o t a l  f i e l d .  

C r a r y  [1961] c a l c u l a t e d ,  f o r  a wide range of f r e q u e n c i e s ,  t h e  f i e l d  

s t r e n g t h  a t  t h e  ground produced by a source s i t u a t e d  j u s t  w i t h i n  the  

ionosphere.  He a l s o  c a l c u l a t e d  the  f i e l d  i n t e n s i t y  of t h e  t r a n s m i t t e d  

ionosphere whistler-mode wave versus  d i s t a n c e  (d  ) from a s h o r t  v e r t i c a l  

antenna on t h e  ground. T h i s  i s  t h e  type of antenna used by t h e  Navy v l f  

s t a t i o n s .  H i s  r e s u l t s  were publ ished by H e l l i w e l l  [1965] and a r e  shown 

he re  i n  Fig.  27. 

e 

The lower boundary of t h e  waveguide is  r e p r e s e n t e d  by t h e  c o n d u c t i v i t y  

of t h e  ground, and t h e  upper boundary by a double-valued expres s ion  f o r  

r e f r a c t i v e  index w h i c h  may be w r i t t e n  [Budden, 19611 

+i 7 
n 2 = 1 - i  (2)  e- ( 3 . 1 )  
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where 

and 
“r, t a n  T = - 
V (3 .3)  

Each ray experiences amplitude and phase changes a t  t h e  e a r t h  and 

ionosphere r e f l e c t i o n  po in t s .  Knowing t h e  c h a r a c t e r i s t i c s  of t h e  ground 

and t h e  ionosphere,  F resne l  c o e f f i c i e n t s  a t  t h e  ground and r e f l e c t i o n  and 

conversion c o e f f i c i e n t s  a t  t he  ionosphere may be c a l c u l a t e d .  The i n t e n s i t y  

of each ray j u s t  i n s i d e  t h e  homogeneous s h a r p l y  bounded model of t he  iono- 

sphere i s  t h u s  obtained.  Although each r ay  e n t e r s  t he  ionosphere a t  a 

s l i g h t l y  d i f f e r e n t  angle  of r e f r a c t i o n ,  t h i s  d i f f e r e n c e  i n  angle i s  

u s u a l l y  small and t h e  f i e l d  components of each ray may be summed ( a f t e r  

cons ide r ing  t h e i r  t ime phase) as though t h e i r  wave normals were co inc iden t .  

A mismatch between t h e  p o l a r i z a t i o n  of t h e  whistler-mode (o rd ina ry )  

wave, which is c i r c u l a r l y  po la r i zed ,  and t h e  e l l i p t i c a l l y  p o l a r i z e d  

i n c i d e n t  wave causes  a d d i t i o n a l  l o s s  during coupl ing i n t o  the  ionosphere.  

To s a t i s f y  t h e  boundary cond i t ions ,  an e x t r a o r d i n a r y  wave of oppos i t e  

p o l a r i z a t i o n  i s  generated.  

Fo r  f r equenc ie s  below t h e  gyrofrequency and f o r  w >> w t h e  o rd ina ry  
0 

wave has  a n  e s s e n t i a l l y  p rogres s ive  na tu re ,  and r e p r e s e n t s  t he  w h i s t l e r -  

mode of propagation. The ex t r ao rd ina ry  wave i s  e s s e n t i a l l y  evanescent,  

and i t s  amplitude dec reases  exponent ia l ly  with he igh t .  A l l  of t h e  above 

e f f e c t s  p l u s  r e f l e c t i o n  l o s s e s  a t  the sha rp  boundary were taken i n t o  

c o n s i d e r a t i o n  by Crary. 

To  o b t a i n  t h e  r e s u l t s  shown i n  Fig. 27, Crary used two ionospheric  

models;  one f o r  summer n igh t ,  t h e  o the r  for summer day. The parameters 

of t h e s e  two models a r e  shown i n  Table 3 .  The summer night  values  i n  

Table  3 correspond t o  an e f f e c t i v e  

and v = 4.855 X 1 0  . For t h e  summer day model t h e  values  correspond t o  

an  f = 1.35 MHz, f = 350 kHz, and v = 3.165 X 1 0  . 

of 1.34 MHz, f = 352.0 kHz, f H  0 
6 

7 
H 0 
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FIG. 27. FIELD INTENSITY OF TRANSMITTED IONOSPHERE WAVE 
VERSUS DISTANCE FROM A SHORT VERTICAL ANTENNA AT THE 
GROUND RADIATING 1 KW AT 15.5 kHz [Helliwell, 19651. 
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TABLE 3 ,  PARAMETERS USED I N  FIELD-STRENGTH CALCULATIONS. 

~~ - 

Ionosphere 

Summer Night 

5 -1 s e c  cur = 5 X 10 

7 = 60° 

h '  = 90 km 

n M 2.23 

Ground 

Summer Day 

o = 4 .5  mho/m 

k = 80 

h '  = 70 km 

n PS 2.21 

To s i m p l i f y  t h e  t reatment  C r a r y  did not allow for d i f f r a c t i o n  around 

t h e  e a r t h ' s  s u r f a c e  f o r  nea r  t a n g e n t i a l  rays  [Wait and Murphy, 19571 nor 

f o r  t h e  s p h e r i c a l  convergence of rays bouncing between a s p h e r i c a l  e a r t h  

and a c o n c e n t r i c a l l y  s p h e r i c a l  ionosphere [Allcock, 19641. C r a r y  a l s o  

made t h e  s impl i fy ing  assumptions t h a t  each i n d i v i d u a l  ray component may be 

considered a plane wave, t h e  QL approximation is v a l i d ,  and t h a t  t he  lower 

edge of t h e  ionosphere may be adequately r ep resen ted  by an equivalent  homo- 

geneous model with a sha rp  lower boundary and a v e r t i c a l  magnetic f i e l d .  

T h i s  assumption, although i t  has been used by many r e s e a r c h e r s  [Davies, 19651, 

is  o n l y  a f i r s t  approximation because some obse rva t ions  can not be explained 

by t h e  sha rp  boundary. It has been found by Wait [1960, 19621, Barron [ 19591, 

and J o h l e r  and Harper [I9621 t h a t  a two-layered model i s  necessary t o  

e x p l a i n  t h e  observed a t t e n u a t i o n  r a t e  i n  t h e  frequency range from 500 Hz 

t o  1.5 kHz. For f r equenc ie s  i n  t h e  range 8 kHz t o  about 20 kHz, however, 

t h e  s h a r p l y  bounded model i s  convenient f o r  a simple d e s c r i p t i o n  of what 

must be a complicated r e f l e c t i o n  process,  Extensive j u s t i f i c a t i o n s  f o r  

t h e  i d e a l i z e d  model have been given by Wait and Walters  [1964].  
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Hel l iwe l l  [1965] ca l cu la t e s  t h e  r e f l e c t i o n  loss of a c i r c u l a r l y  

p o l a r i z e d  wave i n  f r e e  space inc iden t  v e r t i c a l l y  on t h e  lower boundary 

of a homogeneous sha rp ly  bounded model ionosphere f o r  which ~ ( 0 )  = 4. 

He f i n d s  t h a t  t h e  r e f l e c t i o n  c o e f f i c i e n t  f o r  t h i s  ca se  r e p r e s e n t s  

a power l o s s  of about 2 db and no te s  t h a t  t he  l o s s  w i l l ,  of course,  vary 

wi th  r e f r a c t i v e  index and angle  of incidence.  

The a l t e r n a t i v e  approach i s  t o  u t i l i z e  a full-wave t reatment  a s  

discussed by Pi t teway [1965], P i g g o t t ,  e t  a1  [1965] and Pi t teway and 

Je spe r sen  [1966]. P i g g o t t ,  e t  a 1  [1965] f o r  a f requency of 16 kHz shows 

a midday r e f l e c t i o n  c o e f f i c i e n t  f o r  t h e  p e n e t r a t i n g  mode ( w h i s t l e r  mode) 

of l e s s  than 0.05 f o r  a l l  ang le s  of i nc idence  between approximately -45 

and +45'. 

t h e  nighttime model t h e  r e f l e c t i o n  c o e f f i c i e n t  corresponds t o  no more than  

a 2 db loss f o r  a l l  ang le s  of i nc idence  between approximately -25 

The authors  po in t  o u t  t h a t  a s tudy of t h e  wave-fields r e v e a l s  t h a t  t h i s  

i s  due t o  e f f i c i e n t  t r ansmiss ion  of t h e  whistler-mode through t h e  ionosphere.  

0 

Thus only a f r a c t i o n  of  a db i s  lost  due t o  r e f l e c t i o n s .  For 

0 and +40°. 

C e r t a i n l y  t h e  above r e s u l t s  i n d i c a t e  t h a t  t h e  t ransmiss ion  c o e f f i c i e n t s  

a r e  very high and t h a t  most of t h e  loss  comes not  from r e f l e c t i o n s  and 

u n c e r t a i n t i e s  a t  t he  boundary, bu t  from abso rp t ion  i n  pas s ing  through t h e  

ionosphere. One i s  probably j u s t i f i e d  i n  assuming t h a t  ionospheric  phen- 

omena such a s  sporadic-E perhaps in t roduce  more u n c e r t a i n t y  than  t h e  

sha rp  boundary assumption. 

Using ray-theory and t h e  sha rp  boundary assumption, C r a r y  c a l c u l a t e d  

t h e  t o t a l  f i e l d  j u s t  i n s i d e  t h e  boundary as t h e  sum of  n sky-wave com- 

ponents.  

one, due t o  t h e  1 / R  amplitude f a c t o r  and t h e  m u l t i p l i c a t i o n  of a d d i t i o n a l  

r e f l e c t i o n  c o e f f i c i e n t s ,  which a r e  a l w a y s  l e s s  than  un i ty .  Hence, a 

s e r i e s  i s  formed with terms of s u c c e s s i v e l y  decreas ing  magnitude. I n  

C r a r y ' s  c a l c u l a t i o n s ,  t h e  f i r s t  s i x  r a y s  f o r  n = 0 through 5 were 

a l w a y s  ca l cu la t ed .  

i t s  t h r e e  a x i a l  components and each a x i a l  component t hen  added t o  t h e  Sum 

of t h a t  a x i a l  component b u i l t  up by p rev ious  r ays .  H i s  c a l c u l a t i o n s  

terminated only when t h e  amplitude of t h e  l a s t  r a y  w a s  l e s s  t han  1% Of 

t h e  smallest  of t h e  t h r e e  sums. 

Each succeeding component i s  of lower amplitude than  t h e  previous 

The f i e l d  from each component was then  r e so lved  i n t o  
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Figure 27 r e p r e s e n t s  t he  resul ts  of Crary's work which a r e  d i r e c t l y  

a p p l i c a b l e  t o  t h i s  s tudy,  For t h e  f i r s t - approx ima t ion  model, t he  f i e l d  

i n t e n s i t y  of t h e  t r a n s m i t t e d  whistler-mode ionosphere wave, Ei, a t  any 

given ear th- ionosphere waveguide d i s t ance ,  

f i g u r e .  

i s  ob ta ined  from t h i s  
de 9 

C. ABSORPTION 

The second major source of loss i n  t h e  f i r s t - approx ima t ion  model occurs  

from abso rp t ion  as the  whistler-mode wave passes  through t h e  lower and 

t h e  upper ionosphere.  Because of c o l l i s i o n s  between e l e c t r o n s  and o t h e r  

p a r t i c l e s ,  t h e  wave l o s e s  energy a s  it propagates.  Some of t h e  energy i s  

l o s t  as hea t  i n  t h e  medium and some as  d i so rde red  electromagnet ic  r a d i a t i o n .  

Most of t h e  abso rp t ion  occurs i n  t h e  lower ionosphere a t  r eg ions  between 

70 and 120 km where c o l l i s i o n s  between e l e c t r o n s  and n e u t r a l  p a r t i c l e s  

dominate. However some abso rp t ion  also  occur s  i n  t h e  upper ionosphere i n  

t h e  F-region a s  a r e s u l t  of coulomb c o l l i s i o n s  between e l e c t r o n s  and 

charged p a r t i c l e s .  Both regions should be considered i n  determining t o t a l  

a b s o r p t i o n  of t h e  wave. 

Since t h e  v l f  f r equenc ie s  of t h i s  s tudy a r e  w e l l  above the  lower hybrid 

resonance [Smith, e t  a l ,  19661 through a l l  of t h e  ray path the  e f f e c t  of 

i o n s  is  neglected.  Ion i n t e r a c t i o n  with t h e  wave is  small  for f r equenc ie s  

w e l l  above t h e  lower hybrid resonance. 

I n  Chapter I i t  w a s  shown t h a t  the complex r e f r a c t i v e  index, n, 

u s i n g  t h e  QL approximation can be w r i t t e n  

2 X 
n = 1 +  i z  - 1 + lyL 

To i n v e s t i g a t e  abso rp t ion  of the whistler-mode wave i n  a slowly 

va ry ing  medium t h e  complex r e f r a c t i v e  index i s  w r i t t e n  a s  

(3.4) 

n = u - i x .  (3.5) 
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L e t t i n g  F be some f i e l d  q u a n t i t y  i n  t h e  wave, such t h a t  

iu:(t  - nz/c) F = F e  
0 

(3.6) 

where n E r e f r a c t i v e  i n d e x ,  and z i s  measured i n  t h e  d i r e c t i o n  of 

t h e  wave-normal, we may w r i t e  

0 
(3.7) 

T h i s  r ep resen t s  a wave t r a v e l i n g  with v e l o c i t y  c/p and a t t e n u a t e d  

t o  e -x  i n  a. d i s t a n c e  z = X/2nr, where 1 = wavelength i n  f r e e  space.  

The abso rp t ion  c o e f f i c i e n t ,  a, i s  now seen  t o  be r e l a t e d  t o  the  

imaginary p a r t  (x) of t h e  r e f r a c t i v e  index by 

a = a nepers/m 
C 

(3.8) 

8 where c = 3 x 10 m/sec. 

From Eq. ( 3 . 4 )  and Eq. (3 .5) ,  we may w r i t e  f o r  q u a s i - l o n g i t u d i n a l  

propagation 

2 X 
(u  - i y )  = 1 + i z  - 1 + lyLl 

(3.9) 

Equating r e a l  and imaginary p a r t s  of Eq. (3 .9) ,  and assuming t h a t  

I Y , ~  >> 1 g ives  

where 

2 u: 
0 - X 

2 2 - 2  2 -  " z + v  
G =  

YL + z 
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H e l l i w e l l  [1965] p o i n t s  out t h a t  t h i s  exp res s ion  permits  few s impl i -  

f i c a t i o n s  of p r a c t i c a l  value,  but t h a t  i t  i s  necessary t o  employ the 

r e l a t i o n  

d ; Z  

= 241- 
(3.11) 

i f  

Otherwise, t h e  d i f f e r e n c e  of t h e  terms i n  t h e  b r a c k e t s  i n  Eq. (3.10) 

becomes so  small  t h a t ,  even i n  a d i g i t a l  computer, e r r o r s  r e s u l t .  

For  h e i g h t s  g r e a t e r  than 100 km H e l l i w e l l  [1965] p o i n t s  out t h a t  

G lYLl >> 1 and 

and t h e n  Eq. (3.10) reduces t o  

(3.13) 

For a h o r i z o n t a l l y  s t r a t i f i e d  ionosphere and a wave propagating 

v e r t i c a l l y  t h e  t o t a l  abso rp t ion  i s  obtained by i n t e g r a t i n g  Eq, (3.13) 

i n  t h e  d i r e c t i o n  of t h e  wave normal, T o t a l  abso rp t ion  i n  d e c i b e l s  i s  

g iven  by 

A = 8.69 x 10 ['Cy dh , (3.14) 

0 
h 

and hi a r e  t h e  h e i g h t s  i n  km ove r  which the  abso rp t ion  i s  
hO 

where 

t o  be determined. 

Equation (3.13) shows t h a t  t h e  abso rp t ion  c o e f f i c i e n t  depends on t h e  

v a r i a t i o n  of e l e c t r o n  dens i ty  N and c o l l i s i o n  frequency v w i t h  he igh t ,  

and a l s o  upon t h e  v a r i a t i o n  of t h e  e a r t h ' s  magnetic f i e l d  B w i t h  he igh t  
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and wi th  magnetic l a t i t u d e .  The i n t e g r a t i o n  is  t h e r e f o r e  performed 

numerical ly  on a d i g i t a l  computer a f t e r  models f o r  N and v have been 

s e l e c t e d .  

He l l iwe l l  [ 19651 performed t h i s  i n t e g r a t i o n  us ing  t h r e e  e l e c t r o n  

d e n s i t y  models f o r  t h e  lower ionosphere (60 t o  200 lun) r ep resen t ing  normal 

daytime, normal n ight t ime,  and p o l a r  blackout  cond i t ions .  H i s  models 

a r e  shown i n  Fig.  28. For  t h e  upper ionosphere (200 t o  1500 km),  he used 

a s i n g l e  model having a daytime 

of 5.5 MHz. 
oF2 foF2 of 12.5 MHz and a n ight t ime 

Using these  models and the  above procedure,  H e l l i w e l l  c a l c u l a t e d  t h e  

abso rp t ion  of a v e r t i c a l l y  i n c i d e n t  wave i n t e g r a t e d  through t h e  lower and 

upper ionosphere a s  a f u n c t i o n  of geomagnetic l a t i t u d e .  He d i d  t h i s  f o r  

two f requencies ,  2 kHz and 20 kHz both  f o r  n igh t t ime  and daytime. H i s  

r e s u l t s  a r e  shown i n  F ig .  29. The 20 kHz graph is  d i r e c t l y  a p p l i c a b l e  t o  

t h i s  s tudy ,  s i n c e  i n t e g r a t e d  absorp t ion  a t  e i t h e r  17.8 kHz (NAA) or 

18.6 kHz (NFG) w i l l  no t  be g r e a t l y  d i f f e r e n t  t han  abso rp t ion  a t  20 kHz. 

T o t a l  absorp t ion  i n  db f o r  t h e  f i r s t - approx ima t ion  model is obta ined  

from Fig.  29. 

Other  ionospher ic  models a r e  cons idered  i n  Chapter  V I I ,  and t h e  i n t e -  

g r a t i o n  i s  performed f o r  18 kHz. 

D. DIVERGENCE 

The t h i r d  and f i n a l  segment of t h e  p ropaga t ion  pa th  invo lves  t h e  

divergence (or spreading)  of t h e  wave a s  i t  propagates  through t h e  ion- 

osphere and up t o  t h e  s a t e l l i t e .  A b r i e f  review of  t h e  c o n t r i b u t i o n s  of 

e a r l i e r  r e sea rche r s  t o  t h i s  problem w i l l  now be presented .  

L. R. 0. Storey,  i n  1953, showed t h a t  t h e  an i so t ropy  of  t h e  ionosphere 

causes  t h e  d i r e c t i o n  of energy f low ( r a y  d i r e c t i o n )  of whistler-mode waves 

t o  l i e  wi th in  a l i m i t i n g  cone whose a x i s  i s  a long  t h e  d i r e c t i o n  of t h e  

e a r t h ' s  magnetic f i e l d .  For  wave f r equenc ie s  very  low compared t o  t h e  

l o c a l  gyrofrequency ( i . e , ,  for smal l  va lues  of normalized frequency A, 
where A = f / f  ), t h e  ha l f -angle  of t h i s  l i m i t i n g  cone is  19 29'. It 

can be shown [Poever le in ,  19481, t h a t  t h e  ray w i l l  be pe rpend icu la r  t o  

t h e  r e f r a c t i v e  index s u r f a c e  as d i scussed  below. 

0 

h 

SEL-66 - 094 - 62 - 



I IO 

NIGHT i 
' i  

ELECTRONS per (cm3) 

1 I I I I  I I I I  I I I I I I I I I  I I I I I I I I J  

IO IO2  I o3 I o4 
PLASMA FREOUENCY ( KHZ) 

FIG.  28. DERIVED MODELS OF THE LOWER IONOSPHERE 
[ Helliwell, 19651 . 

- 63 - SEL- 66 - 094 



100 

80 

60 

4 0  

2 0  

c 
n 
0, 

0 
a 

m 

z 

5 IO 
m 
U 
-I 
U 
I- 
O 

8 

+ 6  

4 

2 

I 

2kHz Dayt ime 

- 
- 
- 

- 

2OkHz N i g h t t i m e  
b 

-I 
2kHz N i g h t t i m e  I I 

~ 

2 0  30 40 5 0  60 7 0  80 90 IO 
GEOMAGNETIC LATITUDE (dog) 
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LATITUDE [ H e l l i w e l l ,  19651. 
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Sto rey  discussed i n  d e t a i l  c e r t a i n  p r o p e r t i e s  of t he  r a y  path through 

t h e  ionosphere.  He showed t h a t ,  s ince  t h e  r e f r a c t i v e  index is  a f u n c t i o n  

of d i r e c t i o n  only through the  wave-normal angle w i t h  r e spec t  t o  the  

magnetic f i e l d  (which i s  t o  say t h a t  t h e  medium i s  u n i a x i a l  i n  i t s  aniso- 

t ropy) ,  t h e  ray w i l l  l i e  i n  t h e  plane de f ined  by t h e  wave-normal d i r e c t i o n  

and t h e  magnetic f i e l d .  This  i s  t o  say t h a t  t h e  ray path w i l l  always l i e  

i n  a plane con ta in ing  the d i r e c t i o n  of t h e  s t a t i c  magnetic f i e l d .  Storey 

a l s o  demonstrated t h a t  t a n  Cy = - $  t a n  8 when f >> f f  

f >> f ,  where Cy i s  t h e  angle  between the  wave normal and t h e  r a y  

d i r e c t i o n  and 8 i s  t h e  angle between t h e  e a r t h ' s  magnetic f i e l d  and 

t h e  wave normal. Th i s  r e s u l t  means t h a t  t he  ray d i r e c t i o n  must always 

l i e  between t h e  wave normal and the  d i r e c t i o n  of t h e  e a r t h ' s  f i e l d .  

and when 2 
HJ 0 

H 

From these b a s i c  concepts come the fundamental p r i n c i p l e s  of g r a p h i c a l  

r a y  t r a c i n g  which enable one t o  determine t h e  r e l a t i o n s h i p  between the 

wave normal and t h e  ray,  and thus,  t r a c e  the  path of t he  ray through a 

model ionosphere.  I n  gene ra l ,  t he  ray d i r e c t i o n  d i f f e r s  markedly from 

t h e  d i r e c t i o n  of t h e  wave normal. 

The r e f r a c t i v e  index s u r f a c e s  which apply t o  whistler-mode propagation 

can be computed e a s i l y  from a modified form of Eq. (3.4) and t h e s e  s u r f a c e s  

can t h e n  be used t o  determine the  d i r e c t i o n  of r e f l e c t e d  and t r a n s m i t t e d  

waves a t  a sha rp  boundary. This  i s  t h e  method of ray t r a c i n g  o u t l i n e d  by 

Smith [1960b]. A t y p i c a l  r e f r a c t i v e  index s u r f a c e  f o r  0 < A < 0.5 i s  

shown i n  Fig.  30 where t h e  r e f r a c t i v e  index (p and p2) i s  r ep resen ted  

by a v e c t o r  drawn from t h e  o r i g i n  t o  any po in t  on the  su r face .  The wave 

normal has  t h e  same d i r e c t i o n  as t h i s  v e c t o r ,  and t h e  ray i s  always per- 

p e n d i c u l a r  t o  t h e  s u r f a c e  a t  t he  point where t h e  vec to r  i n t e r s e c t s  t h e  

s u r f a c e .  The maximum ray angle versus normalized frequency A, and t h e  

r ay  d i r e c t i o n  versus  wave-normal d i r e c t i o n  a f t e r  Smith [1960a] and 

H e l l i w e l l  [1965] a r e  shown i n  F ig ,  31  and Flg.  32. The rninilnuri l i m i t i n g  

r ay  a n g l e  of 11 i s  obtained when = 0.189 i n  Fig,  3 2 ,  

1 

0 

I n  examining d a t a  f o r  t h i s  study,on on ly  one occasion were w h i s t l e r -  

mode s i g n a l s  observed when I\ was g r e a t e r  than approximately 0.45. This  

occur red  a t  0107 UT on 24 Nov. 1964 when t h e  s i g n a l s  from NAA began f ad ing  

i n  when t h e  gyrofrequency a t  t he  top of the  f i e l d  l i n e  was approximately 

25 kHz, or A = 0.71. Figure 32 shows t h a t  t h e  l i m i t i n g  ray d i r e c t i o n  
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0 f o r  = 0.45 is  approximately 27 . Hence, except f o r  the i s o l a t e d  case  

on 24 Nov. 1964, i t  may be deduced t h a t  f o r  a l l  v l f  s i g n a l s  observed i n  

t h i s  s tudy,  t h e  angle  between t h e  r a y  and t h e  magnetic f i e l d  i s  l e s s  than 

27 everywhere along the path.  0 

FIG. 30. RELATION BETWEEN THE RAY AND THE REFRACTIVE INDEX 
SURFACE I N  A UNIAXIAL MEDIUM. 

Th i s  s t rong  s t e e r i n g  e f f e c t  a t  f r e q u e n c i e s  below the gyrofrequency has 

been descr ibed a s  magnetoionic guiding. T h i s  i s  not t o  be confused w i t h  

t h e  term geomagnetic duct ing,  a process  by which f i e l d - a l i g n e d  i r r e g u l a r -  

i t i e s  of i o n i z a t i o n  tend t o  t r a p  whistler-mode energy i n  a manner analogous 

t o  a l i g h t  tube. Smith [1960b, 1961bl and Smith, e t  a1 [1960] have provided 

a theory of t r app ing  of w h i s t l e r s  i n  f i e l d - a l i g n e d  columns of enhanced 

i o n i z a t i o n  and have demonstrated g r a p h i c a l  ray t r a c i n g  techniques.  They 

have shown t h a t  i n  duc t s  the ray p a t h  i s  then  de f ined  by t h e  boundaries  of 

t h e  enhanced (or depressed)  columns of i o n i z a t i o n .  

Yabroff [1961] i n  the  computation of w h i s t l e r  ray p a t h s  showed some 

focus ing  e f f e c t s  which d i d  not r e q u i r e  enhanced columns of i o n i z a t i o n .  

However, recent p r i v a t e  communication wi th  R .  L. Smith and B. C. Edgar 

of the Stanford Radioscience Laboratory i n d i c a t e  t h a t  w i t h  more up-to-date 

models of the ionosphere focus ing  does not  occur.  I n  a d d i t i o n ,  they f e e l  

t h a t  even i f  two-dimensional focus ing  d i d  occur ,  sp read ing  i n  t h e  t h i r d  
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dimension would be more than sufficient to counteract the two-dimensional 

focusing shown by Yabroff. 

t 

F I G .  31. RAY DIRECTION VERSUS WAVE-NORMAL DIRECTION, 
PARAMETRIC I N  NORMALIZED FREQUENCY [Helliwell, 19651. 

b 
F I G .  32. MAXIMUM RAY ANGLE VERSUS NORMALIZED FREQUENCY 

[ Helliwell, 19651 . 
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The experimental  evidence suppor t ing  ducted propagat ion on d i s c r e t e  

f i e ld -a l igned  p a t h s  i s  e x t e n s i v e  and v a r i e d  [Carpen te r  and Smith, 19641 . 
These d a t a  can not be exp la ined  i f  t h e  o u t e r  ionosphere i s  smoothly 

varying and void of i r r e g u l a r i t i e s  capable of suppor t ing  d i s c r e t e  propa- 

g a t i o n  paths.  The use of r a y  theo ry  and duc t ing  i s  w e l l  j u s t i f i e d  by 

t h e  i n t e r n a l  cons i s t ency  of t h e  experimental  r e s u l t s  ove r  a wide range of 

f r equenc ie s .  

I t  should be po in ted  o u t  t h a t  t h e r e  is probably no r e a l  s i g n i f i c a n c e  

t o  t h e  f a c t  t h a t  whistler-mode s i g n a l s  a r e  n o t  normally observed i n  t h e s e  

d a t a  f o r  i\ g r e a t e r  t han  approximately 0.45. The OGO-I o r b i t  i s  i n c l i n e d  

approximately 35 t o  t h e  e q u a t o r i a l  plane,  and reaches magnetic l a t i t u d e s  

of e 40 a t  a l t i t u d e s  where approaches 0.4. Unfortunately,  t h i s  i s  

t h e  approximate l o c a t i o n  where non-whi stler-mode "broadband" no i se  b u r s t s  

[Rorden, e t  a l ,  1966aj are observed. Th i s  n o i s e  o f t e n  masks t h e  n igh t t ime  

v l f  s t a t i o n  s i g n a l s  r ece ived  by OGO-I j u s t  a t  t h e  time when t h e  r a t i o  of 

wave frequency t o  gyrofrequency ( A )  becomes i n t e r e s t i n g ,  For t h i s  reason, 

OGO-I d a t a  contained i n  t h i s  s tudy  a r e  not g e n e r a l l y  u s e f u l  i n  s tudy ing  t h e  

gyrofrequency cu to f f  of whistler-mode propagat ion.  

0 

0 

The fundamental d i f f i c u l t y  of r a y  t r a c i n g  i n  an  a n i s o t r o p i c  medium 

has  long been recognized by t h e o r e t i c i a n s .  The modern r a y  t r a c i n g  equa t ions  

were developed b y  Haselgrove [1954].  P r i o r  t o  t h a t  time t h e r e  was appar- 

e n t l y  no s a t i s f a c t o r y  way of r ay  t r a c i n g  i n  an a n i s o t r o p i c  medium where 

t h e  magnetic f i e l d  had a l a r g e  cu rva tu re .  The Haselgrove equa t ions  were 

a p p l i e d  t o  whistler-mode pa ths  by Maeda and Kimura [1956],  Hines, e t  a 1  

[1959], Yabroff [1961],  and Kimura [1966].  Both Kimura and Hines, e t  a1 

included t h e  e f f e c t s  of  i o n s  i n  t h e i r  c a l c u l a t i o n s .  Kimura demonstrated 

t h e  e f f e c t  of i o n s  on t h e  ray pa ths  of waves having f r e q u e n c i e s  below t h e  

lower hybrid resonance. R.  L. Smith and B. C. Edgar of t h e  S tan fo rd  

Radioscience Laboratory have r e c e n t l y  improved t h e  Kimura and Yabroff 

r a y  t r a c i n g  programs by adding new f e a t u r e s  which reduce t h e  t endenc ie s  

i n  both of the above programs t o  over-est imate  t h e  c o r r e c t i o n s  t o  t h e  

r e f r a c t i v e  index v e c t o r  when t h i s  v e c t o r  is n e a r  t h e  resonance cone or 

n e a r  t h e  turn-around po in t .  

Th i s  program i s  u t i l i z e d  i n  Chapter VI1 t o  determine ray pa ths  t o  

t h e  s a t e l l i t e s  and hence, t h e  loss  due t o  divergence i n  t h e  r ece ived  
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s i g n a l s .  These r e s u l t s  a r e  then  compared t o  t h e  divergence loss i n d i c a t e d  

by geomet r i ca l  spreading i n  t h e  f i r s t - approx ima t ion  model desc r ibed  below, 

and a l s o  t o  t h e  divergence l o s s  i n d i c a t e d  by t h e  v i r t u a l  source method. 

I n  t h e  meantime, i t  was decided t h a t  t h e  s o p h i s t i c a t e d  techniques of 

ray t r a c i n g  would no t  be used i n  t h e  f i r s t - approx ima t ion  model, but  would 

be u t i l i z e d  l a t e r  ( i n  Chapter V I I )  as a refinement t o  t h e  model. In s t ead ,  

t h e  problem of divergence loss was s i m p l i f i e d  (perhaps over-simplif  i e d )  

by assuming t h a t  t h e  v l f  s i g n a l s  propagate e x a c t l y  along t h e  l i n e s  of 

f o r c e  of t h e  e a r t h ' s  magnetic f i e l d ,  Using t h i s  assumption, t h e  l i m i t i n g  

cone f o r  t h e  r a y  d i r e c t i o n  i s  defined simply by t h e  geometr ical  spreading 

of t h e  geomagnetic f i e l d .  The method of c a l c u l a t i n g  divergence loss f o r  

t h e  f i r s t - approx ima t ion  model u s ing  t h i s  assumption w i l l  now be considered.  

Using t h e  cen te red  d ipo le  approximation f o r  t he  e a r t h ' s  magnetic f i e l d  

[Mlodnosky and He l l iwe l l ,  19621, we have 

where 

f H  = e l e c t r o n  gyrofrequency 

f = e l e c t r o n  gyrofrequency a t  t h e  equator  

R = geocen t r i c  r a d i u s  

R = mean e a r t h  r a d i u s  = 6370 km 

@ = geomagnetic l a t i t u d e .  

(R = R @ = Go) = 880 kHZ Heq 
0' 

0 

Since 

- -  eB , i . e . ,  fHa B 
*H - 2nm 

w e  may w r i t e  f o r  Fig.  33 

(3.16) 

where e = charge on an e l e c t r o n  

m = mass of e l e c t r o n  

B = imposed magnetic f i e l d  = p H  
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= permeab i l i t y  of t he  medium 

B = imposed magnetic f i e l d  a t  t h e  equator  a t  t h e  e a r t h ’ s  s u r f a c e  
eq 

A1’ - d i s t a n c e  t o  
R1 - 

FIG, 33. TO ILLUSTRATE DIVERGENCE OF A FIELD-ALIGNED 
WHISTLER-MODE WAVE. 

Then, 

( 3 . 1 7 )  

a s  
RO ’ which may be w r i t t e n ,  f o r  values  of 

R1 
approximately equal  t o  

If we assume s t r i c t l y  ducted propagat ion with the  whistler-mode energy 

fol lowing f i e l d  l i n e s  e x a c t l y ,  t he  sp read ing  f a c t o r  as t h e  s i g n a l  propa- 

g a t e s  from a r e a  A1 t o  a r e a  A3 i n  Fig.  33 w i l l  be determined by the 

r a t i o  of A3 t o  A1. 
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Since,  

A Cy 1/B3 
3 (3.19) 

an d 

1 
A1 cy 1/B 

we may w r i t e  Eq. (3.18) a s  

A3 2 3  3 

A1 
- = (1 -I- 3 s i n  qj1) ( R  /R ) . 

3 0  

(3.20) 

(3.21) 

Then t h e  loss due t o  spreading becomes 

The spreading loss f o r  any intermediate  po in t  such a s  
A2 

i n  Fig.  33 

may be determined i n  a s i m i l a r  manner. 

Note t h a t  Eq. (3.21) and Eq. (3.22) u t i l i z e  t h e  s a t e l l i t e  parameters 

of geomagnetic l a t i t u d e  and geocentr ic  radius .  I f  one knows t h e  gyro- 

frequency a t  a given s a t e l l i t e  l oca t ion ,  t h e n  from Eq. (3.19) and Eq. (3.20) 

t h e  spreading l o s s  from Eq. (3.22) becomes simply 

(3.23) 

where 

f = e l e c t r o n  gyrofrequency a t  l o c a t i o n  A i n  Fig.  33 H 1  1 

and 

fH2 = e l e c t r o n  gyrofrequency a t  t he  s a t e l l i t e .  

E. IMPEDANCE TRANSFORMATION EFFECTS 

Vlf s i g n a l s  are  de tec t ed  a t  t he  s a t e l l i t e  by means of a 9.5 f o o t  

diameter  loop antenna which measures t h e  magnetic f i e l d  component of t h e  

s i g n a l  i n  t h e  d i r e c t i o n  of t h e  s a t e l l i t e  a x i s .  I n t e n s i t i e s  a r e  given i n  
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db w i t h  respect  t o  1 gamma rms. 

In a magnetoionic plasma, t h e  magnetic f i e l d  s t r e n g t h  H i s  presumed 

always t o  be equal  t o  t h e  f l u x  dens i ty  B d iv ided  by t h e  pe rmeab i l i t y  of 

f r e e  space.  However, t h e  r a t i o  of e l e c t r i c  t o  magnetic f i e l d  s t r e n g t h  

E/H equals  Z,  t he  l o c a l  wave impedance. T h i s  impedance is t h e  f r e e -  

d iv ided  by t h e  l o c a l  r e f r a c t i v e  index, which is  a space impedance 

f u n c t i o n  of t h e  parameters of t h e  medium. For i n s t a n c e ,  an i n f i n i t e  plane 

wave propagating i n  f r e e  space,  w i t h  a magnetic f l u x  dens i ty  of 1 gamma 

would have an e l e c t r i c  f i e l d  s t r e n g t h  of 0.3 v/m and a magnetic f i e l d  

s t r e n g t h  of 7.96 X amperes/meter. 

' 0 7  

The work of Crary, d i scussed  i n  Sec t ion  B above, provides  a means of 

determining t h e  f i e l d  i n t e n s i t y  i n  t h e  ionosphere j u s t  above the  ea r th -  

ionosphere boundary of a wave launched i n t o  t h e  w h i s t l e r  mode from a s h o r t  

v e r t i c a l  antenna on t h e  ground. In  Cra ry ' s  c a l c u l a t i o n s  i t  was assumed 

t h a t  t h e  r e f r a c t i v e  index of t h e  ionosphere,  j u s t  above the  boundary, was 

2.23. I t  is  now necessary t o  c o n s i d e r  impedance t r ans fo rma t ion  e f f e c t s  

between t h i s  po in t  of launching and t h e  loop antenna aboard OGO-I. 

For t h e  region j u s t  above t h e  boundary, we may w r i t e  

E n  
i 1  Ei - - - - - -  Ei 

7 - - 
zO 

Hi - zi Zo/nl (3.24) 

where 

E .  = e l e c t r i c  f i e l d  i n t e n s i t y  of t h e  t r a n s m i t t e d  ionosphere wave 

H = magnetic f i e l d  i n t e n s i t y  of t h e  t r a n s m i t t e d  ionosphere wave 

Z = f ree-space wave impedance 

Z .  = l o c a l  wave impedance a t  t h e  p o i n t  of launching 

n = r e f r a c t i v e  index of t h e  medium a t  t h e  po in t  of launching. 

1 

i 

0 

1 

1 

S i m i l a r l y ,  a t  t h e  s a t e l l i t e ,  we may w r i t e  
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where 

E2 = e l e c t r i c  f i e l d  i n t e n s i t y  of t h e  wave a t  t h e  s a t e l l i t e  

= magnetic f i e l d  i n t e n s i t y  of t h e  wave a t  t h e  s a t e l l i t e  
HZ 
Z = l o c a l  wave impedance a t  the  s a t e l l i t e  

Z = f r e e  space wave impedance 

n = r e f r a c t i v e  index of t h e  medium a t  t h e  s a t e l l i t e .  

2 

0 

2 

From t h e  foregoing, i t  i s  apparent t h a t  t h e  r a t i o  of t h e  e l e c t r i c  t o  

t h e  magnetic f i e l d  of t h e  wave w i l l  c o n t i n u a l l y  change a s  i t  propagates  

from t h e  ear th- ionosphere boundary t o  t h e  s a t e l l i t e ,  and w i l l  be  determined 

a t  each point  by t h e  r e f r a c t i v e  index a t  t h a t  po in t .  H e l l i w e l l  [1965] h a s  

shown t h a t  under cond i t ions  of whistler-mode propagat ion,  t h e  change of 

r e f r a c t i v e  index f o r  l o n g i t u d i n a l  propagation nea r  t he  lower p a r t  of t he  

F2 l a y e r  i s  l e s s  t han  10 p e r  c e n t  i n  one wavelength. It  i s  not unreason- 

a b l e  t h e n  t o  cons ide r  t h i s  region of t h e  medium t o  be slowly varying f o r  

t h e  purposes of t h i s  d i scuss ion .  I n  t h e  E-region t h i s  assumption is  l e s s  

v a l i d ,  and obviously i s  a very debatable  ques t ion ,  p rope r ly  handled only 

by a f u l l  wave t r ea tmen t  such a s  o u t l i n e d  by Pi t teway and Je spe r son  [1966]. 

However, i f  one i s  not i n t e r e s t e d  i n  d e t a i l s  of t h e  wave s t r u c t u r e  i n  

t h i s  t r a n s i t i o n  r eg ion  ( the  E-region) then  i t  should be p o s s i b l e  t o  choose 

a s u i t a b l e  boundary which w i l l  al low adequate r e p r e s e n t a t i o n  of t h e  wave 

a t  r e g i o n s  removed from t h e  boundary. 

Under slowly varying c o n d i t i o n s  r e f l e c t i o n s  can  be neg lec t ed  t o  a 

f i r s t  approximation, and propagat ion of t h e  wave from the  boundary t o  t h e  

s a t e l l i t e  may be compared t o  waves on a tapered t r ansmiss ion  l i n e  where 

t h e  r a t i o  of E t o  H changes gradual ly .  With no energy being r e f l e c t e d  

or absorbed t h e  power d e n s i t y  i n  t h e  t r a v e l i n g  wave must remain cons t an t .  

Hence we may w r i t e  

Pi = P2 

o r  

E .  X H.  = E2 X H2 
1 1 

I n  g e n e r a l  
E2 2 
Z 

P = cons tan t  = - - H Z  - (3.26) 
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Then from Eqs. ( 3 . 2 4 ) ,  ( 3 . 2 5 ) ,  and ( 3 . 2 6 ) ,  w e  have 

2 E. n 

- z  
2 Ei nl 0 1 1  2 2  z 

Z2 
> P . = H Z  = - * - - -  

0 
0 1 

n 1 i i  

and 

2 
2 H2 zo P 2 = H  Z = - .  n 

2 2 2  

But Pi = P2, t h e r e f o r e  

2 
E -  n 

2 
zo 1 1  --- 

0 
- z  

2 
n 

Solving f o r  H2 we have 

Ei (n n 14 amperes/m H2 = 1 2  
0 

( 3 . 2 7 )  

( 3 . 2 8 )  

( 3 . 2 9 )  

( 3 . 3 0 )  

= magnetic f i e l d  i n t e n s i t y  a t  t h e  s a t e l l i t e .  
H2 where 

i s  r e a d i l y  ob ta ined  from Fig.  27, n = 2 . 2  and Z = 377. 
Ei 1 0 

The e f f e c t s  of abso rp t ion  and divergence as c a l c u l a t e d  i n  S e c t i o n s  C 
i n  t h e  

RH' and D may be included by i n s e r t i n g  a r educ t ion  f a c t o r ,  

denominator of Eq. ( 3 . 3 0 ) .  We then  have 

Ei (n1n2) a 
H =  

2 
'0 RH 

where 

(Absorption Loss + Spreading Loss) db = 20  1% RH 

o r  

-1 RH = l og  [(Absorpt ion LOSS + sp read ing  Loss ) /20 ] .  

( 3 . 3 1 )  

( 3 . 3 2 )  
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The p l a n  is  now complete. A l l  o f  t he  f a c t o r s  i n  Eq. (3.31) except 

n a r e  known or may be obtained from t h e  methods o u t l i n e d  i n  t h i s  chap te r .  

Hence, i f  t h e  r e f r a c t i v e  index a t  t h e  s a t e l l i t e  can  be determined, Eq. (3.31) 

may be used t o  compute t h e  i n t e n s i t y  of t h e  f i e l d  which the OGO-I loop 

should measure. 

I 

2 

The determinat ion of n and t h e  a p p l i c a t i o n  of t h e  above methods 
2 

f o r  c a l c u l a t i n g  H2 

s e c t i o n .  These c a l c u l a t e d  v a l u e s  a r e  t h e n  compared t o  t h e  values measured 

by OGO-I. 

a r e  i l l u s t r a t e d  by  two examples i n  t h e  fol lowing 

F. TOTAL PATH CALCULATIONS 

Using t h e  f i r s t - approx ima t ion  model discussed above, t o t a l - p a t h  

a t t e n u a t i o n  has  been computed, and f o r  easy comparison with measured 

va lues ,  has been p l o t t e d  as the dashed l i n e s  i n  F igs .  34 through 44. 

The fol lowing two examples i l l u s t r a t e  t h e  method by which these  

c a l c u l a t i o n s  a r e  made. 

ExamDle 1 

NAA 17.8 kHz 1,000 kw 0122 U T  24 Nov. 1964 

R = 17.243 k h  

@ = -9.8 

X = -66.1 

L = 2.9 

The f o o t  of t h e  f i e l d  l i n e  i n  the  n o r t h e r n  hemisphere i s  a t  40 N 
0 0 

de = 0.635 kkm 

df = 22.0 kkm 

f H  = 41.1 kHz 

0 

0 

0 

and 71  W (51 geomagnetic l a t i t u d e ,  where t h e  l o c a l  time i s  e 8 pm). 

( a )  From Fig.  27 

= (10-4)(1,000)' = 3.16 x 10 -3 v/m 
Ei 

(b)  From Fig.  29, t o t a l  absorpt ion through the  lower and upper 
ionosphere i s  approximately 4 db. 

(c)  From Eq. (3.21), we may compute t h e  power spreading f a c t o r :  

R/R = 179243 = 2.71 
o 6,370 
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A3 3 

A1 
- = (2 .71)  (1 + 3 s i n 2  40')' = 29.7 , 

From Eq. (3 .22) ,  t h i s  r e p r e s e n t s  a spreading l o s s  of 

1 0  log  29.7 = 14.7 db . 
It  should be noted here  t h a t  t h e  same r e s u l t  may be ob ta ined  from 

Eq. ( 3 . 2 3 )  u t i l i z i n g  t h e  e l e c t r o n  gyrofrequency a t  t h e  f i e l d  l i n e  foo t  

and a t  t h e  s a t e l l i t e .  Then we have 

= 14.7 db . 1225 kHz 
41.1 kHz db = 10 l o g  

The l o s s e s  due t o  abso rp t ion  and spreading a r e  

14.7 db ( sp read ing)  + 4 db ( abso rp t ion )  = 18.7 db . 

( d )  To cons ide r  t h e  e f f e c t s  of impedance t r ans fo rma t ion  a s  o u t l i n e d  

i n  Sec t ion  E, i t  is  necessary t o  determine t h e  r e f r a c t i v e  index of t h e  

medium a t  the s a t e l l i t e .  

Angerami and Carpenter  [ 19661 show t h e  1963 e q u a t o r i a l  summer-time 

e l e c t r o n  dens i ty  [ N  (eq) ]  a t  n i g h t  and a t  L = 2.9 t o  be approximately 

5 X 10 e l e c t r o n s  p e r  cc.  
e 2 

I t  i s  w e l l  e s t a b l i s h e d  t h a t  e l e c t r o n  d e n s i t i e s  i n  t h e  magnetosphere 

experience d iu rna l ,  s easona l  and s o l a r  c y c l e  v a r i a t i o n s  [Carpenter ,  1962b] 

and t h a t  d e n s i t i e s  a t  sunspot maximum may be n e a r l y  twice as high i n  

December a s  i n  June [Smith, 1961a1, Since d a t a  i n  t h i s  example were taken 

i n  November of 1964, a yea r  of sunspot min imum,  we w i l l  e s t i m a t e  [Angerami, 

p r i v a t e  communication] t h e  value of N t o  be approximately 1.6 t imes 

h i g h e r  t han  t h a t  g iven by Angerami and Carpen te r  or N = 8 X 1 0  e l / cc .  
2 

Plasma frequency a t  t h e  s a t e l l i t e  is then  

f = 9(800)4 = 254 kHz . 
0 
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Since f >> f and 8 M 0 we may wr i t e  from Eq. (1.6) 
0 H 

0 
f 

n M  

5 - 2.54 x 10 
a - 

4 4 
[ ( l e 7 8  X 10 I(4.11 x 10 )(1-0.433)] 

= 12.4 

( e )  From Eq. (3.31) we c a l c u l a t e  t h e  va lue  of H a t  t he  s a t e l l i t e :  

The f a c t o r  8.6 i n  t h e  denominator of t h e  above equat ion r e p r e s e n t s  

i n  magnetic f i e l d  i n t e n s i t y  due t o  absorpt ion RH> t h e  r e d u c t i o n  f a c t o r ,  

and spreading.  From p a r t  (c )  we have a t o t a l  loss of 18.7 db from 

abso rp t ion  and spreading,  hence w e  may w r i t e  from Eq. (3.32) 

H 18.7 db = 20 log R 

RH = 8.6 

As pointed out  i n  S e c t i o n  E, 1 gamma corresponds t o  a magnetic f i e l d  
-4 

s t r e n g t h  of 7.96 x 10 

s i g n a l  i n t e n s i t y  a t  t h e  s a t e l l i t e  as  follows: 

amp/m. Therefore we may r e fe rence  the  computed 

7.96 
db = 20 l og  

5.1 x 

= 43.9 db below 1 gamma. 

T h i s  c a l c u l a t e d  value is p l o t t e d  i n  Fig.  34, 
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Example 2 

NAA 17.8 kHz 1,000 kw 0107 UT 24 NOV. 1964 

R = 21.128 kkm d = 0.606 k h  
e 

0 = 25.386 kkm df 6 = - 5 . 5  
0 = -71.7 f H  = 23.6 kHz 

L = 3.4 

The l o c a t i o n  of t h e  f o o t  of t he  f i e l d  l i n e  i n  t h e  Northern hemisphere 

i s  44ON and 75OW ( 5 5 O  geomagnetic l a t i t u d e ,  where t h e  l o c a l  time i s  

8:07 pm). 

(a) From F ig ,  27 

-5 1 -3 = (7 x 10 ) ( ~ , o o o ) ~  = 2.21 x 10 v/m 
Ei 

(b)  From Fig.  29, t o t a l  abso rp t ion  i s  approximately 3.7 db. 

( c )  From Eq, (3.21), t h e  power spreading f a c t o r  i s  57.1 w h i c h  

from Eq, (3.22) r e p r e s e n t s  a spreading loss of 17.6 db. 

(d)  From Angerami-Carpenter [1966] t h e  1963 e q u a t o r i a l  summertime 

e l e c t r o n  densi ty  f o r  L = 3.4 night t ime i s  approximately 4 x 10’ e l / cc .  

Using t h e  same arguments as i n  s t e p  ( d )  of Example 1, t h i s  i s  modified 

t o  a value of 6.4 x 10 e l / cc .  Plasma frequency is then  227 kHz. From 

Eq. (1.6) 

2 

n = 22.4 . 
( e )  From Eq.  (3.32) we c a l c u l a t e  t h e  value of H a t  t h e  s a t e l l i t e .  

-6 
= 3.1 x 10 amp/m. 

Referencing t h i s  t o  1 gamma we have 

7.96 db E 20 log 
3.1 x 

= 48.2 db below 1 gamma, 
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Note t h a t  when t h i s  value i s  p l o t t e d  i n  Fig. 34, i t  i s  almost 4 0  db 

above t h e  measured value. Indeed t h i s  p a r t i c u l a r  example was chosen be- 

cause it  r e p r e s e n t s  one of t h e  few occasions i n  a l l  of t h e  N O - I  da t a  

where t h e  c a l c u l a t e d  value g r e a t l y  exceeds t h e  measured value.  It i s  bel ieved 

t h a t  t h i s  may be new evidence of cyc lo t ron  absorpt ion,  a phenomenon which 

has not  been considered i n  t h e  f i r s t - approx ima t ion  model. T h i s  p o s s i b i l i t y  

is d i scussed  i n  Chapter I X .  

These two examples i l l u s t r a t e  the methods used t o  c a l c u l a t e  a l l  p l o t t e d  

f i e l d  i n t e n s i t i e s  a t  t h e  s a t e l l i t e ,  but f o r  one except ion;  t h e  v a r i a t i o n  

of e l e c t r o n  d e n s i t y  with l a t i t u d e .  T h i s  f a c t o r  did not e n t e r  i n t o  Examples 

1 or 2 s i n c e  t h e  s a t e l l i t e  l a t i t u d e  was n e a r  zero degrees i n  each case .  

For c a l c u l a t i o n s  a t  l a t i t u d e s  not near t he  e q u a t o r i a l  plane,  t he  Angerami- 

Carpenter  e l e c t r o n  d e n s i t i e s  were modified ( inc reased )  according t o  a 

g r a p h i c a l  procedure recommended by Dr.  Angerami. 

Since t h e  d i f f u s i v e  equ i l ib r ium model of e l e c t r o n  d e n s i t y  seems t o  f i t  

w h i s t l e r  d a t a  b e s t  f o r  L-values i n s i d e  t h e  knee (L-values l e s s  t han  approx- 

ima te ly  4 )  d e n s i t i e s  were modified according t o  t h i s  model. 

Using t h e  procedures o u t l i n e d  above , f i e ld  i n t e n s i t i e s  have been c a l -  

c u l a t e d  f o r  every s a t e l l i t e  l o c a t i o n  where vlf  f ixed-frequency w h i s t l e r -  

mode s i g n a l s  have been observed i n  OGO-I and a r e  p l o t t e d ,  a long with t h e  

measured values ,  i n  Chapter IV.  
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I V .  THE OGO-I DATA 

A. INTRODUCTION 

A l l  of t h e  v l f  d a t a  ob ta ined  from OGO-I by t h e  methods i l l u s t r a t e d  

i n  F igs .  4 through 22 have been s c a l e d  and p l o t t e d  and a r e  p re sen ted  i n  

F igs .  34 through 44. Universal  t ime i s  used as the  independent v a r i a b l e  

with magnetic f i e l d  s t r e n g t h  (db  below 1 gamma) along t h e  o r d i n a t e .  All 

p e r t i n e n t  s a t e l l i t e  p o s i t i o n a l  information is  included on each f i g u r e ,  

The s o l i d  l i n e  r e p r e s e n t s  peak i n t e n s i t i e s  of t h e  measured d a t a  from 

OGO-I, t h e  dashed l i n e  r e p r e s e n t s  va lues  c a l c u l a t e d  u t i l i z i n g  t h e  f i r s t -  

approximation model of Chapter 111. I n  Chapter V I I ,  t h e  ear th- ionosphere 

waveguide loss ,  t h e  abso rp t ion  lo s s ,  and t h e  divergence loss a r e  a l l  re- 

considered and more s o p h i s t i c a t e d  techniques are u t i l i z e d  t o  improve t h e  

f i r s t - approx ima t ion  model. The dash-dot l i n e  r e p r e s e n t s  va lues  c a l c u l a t e d  

a f t e r  t h e s e  modi f ica t ions  t o  t h e  model have been made. 

B.  OGO-I FIELD INTENSITIES VERSUS UNIVERSAL TIME 
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V. THE OGO-I1 EXPERIMENT 

A.  THE SATELLITE 

The second O r b i t i n g  Geophysical Observatory (OGO-11) was launched 

from t h e  P a c i f i c  Miss i l e  Range a t  1312 UT on 14 October 1965. The space- 

c r a f t  and its equipment, i n  so f a r  a s  t h e  H e l l i w e l l  5002 v l f  

experiment i s  concerned, i s  e s s e n t i a l l y  t h e  same a s  OGO-I descr ibed i n  

Chapter 11. 

Except f o r  t h e  shape and o r i e n t a t i o n  of t h e  v l f  loop antenna, t h e  

gene ra l  conf igu ra t ion  of t h e  s p a c e c r a f t  i s  a s  shown i n  Fig.  3 .  On OGO-11, 

t h e  vlf  antenna is  no t  a c i r c u l a r  loop a s  on OGO-I, bu t  is hexagonal i n  

shape and of such dimensions t h a t  i t  can be con ta ined  wi th in  a c i r c l e  

whose per imeter  is  30 f e e t ;  i n  o t h e r  words, a hexagon whose maximum 

diagonal  d i s t ance  is  approximately 9.5 f e e t .  I n  a d d i t i o n ,  t he  loop a x i s  

i s  not a l igned w i t h  t he  z ax i s  of t h e  s p a c e c r a f t  a s  on N O - I  (see Fig.  

3 ) ,  but r a t h e r  w i t h  t h e  s p a c e c r a f t  "x" ax i s .  

mode, t h e  "z" a x i s  of t h e  s p a c e c r a f t  always p o i n t s  towards the e a r t h .  

II I 1  

In  t h e  s t a b i l i z e d  f l i g h t  

The various r e l a t i o n s h i p s  t h a t  e x i s t  i n  QL whistler-mode propagation 

between t h e  e a r t h ' s  magnetic f i e l d  and t h e  wave components were d i scussed  

i n  Chapters I and 11, For t h e  low-a l t i t ude  o r b i t  of OGO-11, one i s  nor- 

mally j u s t i f i e d  i n  assuming t h a t  a l l  whistler-mode wave normals s t a r t  o f f  

e s s e n t i a l l y  i n  a meridianal  plane along a r a d i u s  vec to r  (except  nea r  t he  

equator),and a t  18 kHz w i l l  not be changed i n  d i r e c t i o n  g r e a t l y  be fo re  

reaching the s a t e l l i t e  [R. L. Smith, p r i v a t e  communication]. Figure 45 

shows t h e  s p a c e c r a f t  o r i e n t a t i o n  i n  s t a b i l i z e d  f l i g h t  mode 3 ,  where i t  i s  

apparent t h a t  for small  wave normal ang le s  i n  t h e  e a r t h - s a t e l l i t e  mer id i ana l  

plane,  t h e  n u l l  cond i t ion  of t h e  loop w i l l  never o b t a i n ,  and t h e  loop 

should provide maximum response t o  whistler-mode s i g n a l s  r e g a r d l e s s  of t h e  

l a t i t u d i n a l  p o s i t i o n  of t h e  s p a c e c r a f t .  Indeed, for sensing t h e  H v e c t o r  

of f i e l d - a l i g n e d  s i g n a l s  w i t h  t h e , s p a c e c r a f t  i n  s t a b i l i z e d  f l i g h t  and t h e  

z a x i s  point ing towards t h e  e a r t h ,  t h i s  is a more d e s i r a b l e  loop Orien- ( 1  11  

t a t i o n  than t h a t  used i n  OGO-I. 
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FIG. 45. OGO-I1 SPACECRAFT ND VLF LOOP ANTENNA ORIENT TION 
I N  STABILIZED FLIGHT MODE 3. 

B. THE ORBIT 

The nominal N O - 1 1  o r b i t  was planned t o  be p o l a r  and n e a r l y  c i r c u l a r ;  

however, an unexpected i n c r e a s e  i n  burn-time of one of t h e  launch veh ic l e  

r o c k e t  engines placed OGO-I1 i n  a somewhat e l l i p t i c a l  o r b i t .  I n i t i a l  

p e r i g e e  w a s  415 lun, and i n i t i a l  apogee was 1507 lun. The i n c l i n a t i o n  of 

t h e  o r b i t  was 87 degrees and t h e  o r b i t a l  pe r iod  was 104 minutes. The 

o r b i t a l  parameters  a r e  shown i n  Table 4, which was prepared from d a t a  

s u p p l i e d  by Goddard Space F l i g h t  Center. 
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C. EQUIPMENT 

Although the  b a s i c  v l f  equipment aboard OGO-I1 i s  e s s e n t i a l l y  the  

same a s  on OGO-I, s u b s t a n t i a l  refinements were made. These a r e  d i scussed  

i n  d e t a i l  by F i c k l i n ,  e t  a 1  [1965] and on ly  those  p e r t i n e n t  t o  t h i s  s tudy 

w i l l  be discussed b r i e f l y  here.  

A s  d i scussed  i n  Chapter I1 t h e  vlf equipment package con ta ins  t h r e e  

step-f requency superheterodynes p l u s  a broadband r e c e i v e r .  I n  a d d i t i o n )  

OGO-I1 c a r r i e s  a double-converting heterodyne phase t r a c k i n g  r e c e i v e r  

using two phase-locked l o c a l  o s c i l l a t o r s .  This  r e c e i v e r  has a 50 Hz 

bandwidth) and may be tuned upon command from t h e  ground t o  r ece ive  

s i g n a l s  a t  100 Hz increments i n  t h e  range 14.4 t o  26.3 kHz. A s  i n  OGO-I 

t h e  Band 3 r e c e i v e r  may be tuned t o  any frequency between approximately 

12.5 and 100 kHz i n  256 d i s c r e t e  s t eps .  T h i s  r e c e i v e r  has a bandwidth 

of 500 Hz. Tuning of t he  Band 3 r ece ive r  i s  independent of t h e  t un ing  

of t h e  phase t r a c k  r ece ive r .  Therefore)  i t  is p o s s i b l e ,  f o r  i n s t ance ,  

t o  have t h e  Band 3 r e c e i v e r  r ece iv ing  NFG and t h e  phase t r a c k  r e c e i v e r  

s imultaneously r e c e i v i n g  N U .  The value of t h i s  u s e f u l  f e a t u r e  was 

n u l l i f i e d  somewhat ( a t  l e a s t  f o r  t h e  e a r l i e r  r e v o l u t i o n s )  by a malfunction 

which a l t e r e d  t h e  normal sequence of impulse commands necessary t o  tune 

t h e  Band 3 r e c e i v e r  t o  a given frequency. As a r e s u l t ,  a l l  tuned f r equenc ie s  

of t h e  Band 3 r e c e i v e r  were one s t e p  (approximately 342 Hz) below the  

in t ended  value.  Hence, when i t  was be l i eved  t h a t  the Band 3 r e c e i v e r  was 

tuned t o  NPG (18.6 kHz) it w a s  a c t u a l l y  tuned t o  18.6 - 0.342 or approxi- 

mately 18.258 kHz. I n  t h i s  condi t ion,  t h e  c e n t e r  frequency of t h e  r e c e i v e r  

is  342 Hz below NPG and 458 H z  above NAA. With a 500 Hz bandwidth) both 

NAA and NPG appeared i n  t h e  Band 3 output .  For t h i s  reason, a l l  of the 

amplitude d a t a  from OHl-11 presented i n  t h i s  s tudy  were taken from the  

phase t r a c k  r e c e i v e r  v i a  f i l m  records produced by S R I  from the  PCM telemetry.  

The above i s  not  intended t o  i m p l y  t h a t  da t a  from t h e  Band 3 r e c e i v e r  

v i a  t h e  VCO and s p e c i a l  purpose te lemetry a r e  not u s e f u l .  Valuable 

in fo rma t ion  concerning such phenomena as the  cut-off of whistler-mode 

s i g n a l s  with l a t i t u d e ,  discussed i n  Chapter V I 1 1  i s  ob ta ined  even though 

s p e c i f i c  amplitudes a r e  not known accura t e ly .  

Although f e a t u r e s  were added t o  make d a t a  r e t r i e v a l  more e f f i c i e n t )  
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t h e  methods of t e l eme t ry  and d a t a  r e t r i e v a l  from OGO-I1 a r e  e s s e n t i a l l y  

t h e  same a s  f o r  OGO-I, as are  t h e  mechanics of d a t a  p r e s e n t a t i o n .  These 

were a l l  discussed i n  d e t a i l  i n  Chapter I.  Typ ica l  d i s p l a y s  of OGO-I1 

d a t a  are  presented i n  t h e  fo l lowing  chap te r .  

Addit ional  ref inements  involve methods of c a l i b r a t i n g ,  adding t h e  

v l f  s i g n a l s  t o  t h e  s p a c e c r a f t  t e l eme t ry ,  and monitoring, but t h e s e  need 

not  be discussed here.  

C a l i b r a t i o n  and accuracy a r e  d iscussed  i n  S e c t i o n  E. 

D. OBTAINING THE DATA 

I t  was planned t o  have OGO-I1 e a r t h - s t a b i l i z e d ,  with t h e  "z" a x i s  

always po in t ing  towards t h e  ea r th .  The a t t i t u d e  c o n t r o l  system (ACS), 

which u t i l i z e s  r e a c t i o n  wheels,as w e l l  as  gas  je ts ,  performed a l l  of i t s  

r e q u i r e d  post-launch o p e r a t i o n s  q u i t e  w e l l .  However, t h e  tendency of t h e  

horizon scanners  t o  t r a c k  thermal  g r a d i e n t s  due t o  c o l d  atmospheric c louds 

r a t h e r  than t h e  e a r t h ' s  ho r i zon  caused t h e  argon gas  supply t o  be con- 

sumed a t  a higher-than-expected r a t e .  A q u a n t i t y  of gas  normally adequate 

f o r  one year of s t a b i l i z e d  f l i g h t  w a s  consumed i n  t h e  process  of providing 

only approximately 3 days o f  s t a b i l i z e d  f l i g h t  du r ing  t h e  f i r s t  t e n  days 

a f t e r  launch. 

The f i r s t  144 r e v o l u t i o n s  of OGO-I1 were w e l l  s t a b i l i z e d ,  bu t  a f t e r  

t h a t  t h e  gas supply was exhausted and t h e  s p a c e c r a f t  developed va r ious  

a d d i t i o n a l  problems r e s u l t i n g  from undervol tage c o n d i t i o n s  caused by 

e c l i p s e  per iods and t h e  i n a b i l i t y  of t h e  r e a c t i o n  wheels a lone  t o  provide 

p rope r  s t a b i l i z a t i o n  and o r i e n t a t i o n .  All compollents ( s o l a r  a r r a y s ,  

b a t t e r i e s ,  r e g u l a t o r s ,  e t c . )  of t h e  complete power system performed 

p rope r ly  f o r  s e v e r a l  months. However, p e r t u r b a t i o n s  i n  t h e  a t t i t u d e  of 

t h e  observatory,  due t o  d i f f i c u l t i e s  with t h e  ACS, g r e a t l y  reduced t h e  

a b i l i t y  of t h e  s o l a r  a r r a y s  t o  fo l low t h e  sun  and t h e r e f o r e  reduced the  

power a v a i l a b l e  t o  experiment loads .  On one occasion,  t h e  power a v a i l a b l e  

w a s  i n s u f f i c i e n t  t o  support  even t h e  minimum housekeeping" loads,and 

b a t t e r i e s  were discharged t o  t h e  p o i n t  where t h e  ACS i n v e r t e r  s topped 

func t ion ing  properly and t h e  136 MHZ t r a c k i n g  t r a n s m i t t e r  s i g n a l  w a s  not 

observed by the  monitor ing s t a t i o n s ,  On o t h e r  occasions,  t h e  a r r ay  t r acked  

t l  
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t h e  sun s a t i s f a c t o r i l y  and abundant power w a s  a v a i l a b l e .  These, p l u s  

a d d i t i o n a l  problems cont inue t o  plague t h e  OGO-I1 ope ra t ion .  However, a t  

t h e  time of w r i t i n g  of t h i s  r e p o r t ,  OGO-I1 i s  func t ion ing  and o b t a i n i n g  

u s e f u l  data .  

Table 5 summarizes, by revolut ion,  t h e  ACS modes and t h e  a v a i l a b l e  

c o n t r o l  during t h e  pe r iod  of time tha t  d a t a  were ob ta ined  for t h i s  study. 

Th i s  was compiled from t h e  Spacecraf t  Operat ions Summary s e c t i o n  of t h e  

Weekly Operat ions Report f o r  OGO-I1  supp l i ed  by Goddard Space F l i g h t  

Cent e r . 
TABLE 5.  A SUMMARY, BY REVOLUTION, OF THE ACS MODES AND THE 

AVAILABLE CONTROL FOR OGO-I1 DURING THE PERIOD OF TIME 
COVERED BY THIS STUDY. 

REV. NOS. 

0-4 

5-9 

10-32 

33-36 

37-103 

104 - 114 

115 

116-119 

120-127 

128-144 

ACS MODE 

2B 

3 

2c 

3 

2c 

3 

2A 

1 

3 

3 

CONTROL REQ'D. 

RE. WHEELS GAS 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

CONTROL AVAIL. 

RE. WHEELS GAS 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X 

I n  mode 1 t h e  ACS i s  i n h i b i t e d  and t h e  s p a c e c r a f t  i s  d r i f t i n g .  In 

mode 2A t h e  s o l a r  pane l s  a r e  posi t ioned t o  180 , r ece iv ing  maximum i l l u m i -  

n a t i o n  from t h e  -y d i r e c t i o n .  I n  mode 2B, t h e  sun is acquired and t h e  

"-y" a x i s  i s  po in ted  towards t h e  sun. In  t h i s  mode, t h e  s p a c e c r a f t  i s  

s lowly  sp inn ing  around t h e  

approximately 0.49 Mode 2C 

i s  t h e  e a r t h  a c q u i s i t i o n  mode i n  which t h e  horizon scanners  search f o r  a 

0 

11 1 1  y ax i s ,  with a c o n t r o l l e d  p i t c h  r a t e  of 
0 p e r  second o r  about 5 r e v o l u t i o n s  pe r  hour. 
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11  thermal  d i scon t inu i ty ,  and upon f i n d i n g  i t ,  " lock on. One a d d i t i o n a l  

ope ra t ion ,  t h a t  of s topping  t h e  p i t c h  motion, p l aces  t h e  s p a c e c r a f t  i n  

mode 3 . . .  s t a b i l i z e d  f l i g h t .  Mode 2 C  t h e r e f o r e  r e p r e s e n t s  a cond i t ion  

where t h e  sun has been acquired,  t h e  "-y" a x i s  p o i n t s  towards the sun, 

and t h e  spacec ra f t  s p i n s  around the  "y" a x i s  wi th  a c o n t r o l l e d  p i t c h  r a t e  

of approximately 5 r evo lu t ions  per  hour. Mode 3 i s  s t a b i l i z e d  f l i g h t  

wi th  t h e  z a x i s  always po in t ing  toward the  e a r t h ,  1 1  I t  

A t  the  p re sen t  time d a t a  from t h e  phase t r a c k  r e c e i v e r  have been 

processed only through r evo lu t ion  137, and a l l  v l f  amplitude d a t a  from 

N O - I 1  contained i n  t h i s  s tudy came from 20 r e v o l u t i o n s  between r evo lu t ions  

74 and 134. Of these  20 r evo lu t ions ,  a l l  were i n  s t a b i l i z e d  f l i g h t  mode 

3,  except  f o r  r evo lu t ions  74, 75, 76, and 103. These were i n  mode 2 C .  
1 1  1 1  Figure  46 shows t h a t  t h e  5 revolut ion-per-hour  r o t a t i o n  about t he  y 

a x i s  w i l l  d r ive  t h e  loop through i ts  n u l l  p o s i t i o n  t o  f i e ld -a l igned  s i g n a l s  

approximately 16 t imes dur ing  each 104 minute r e v o l u t i o n  of t h e  s p a c e c r a f t  

around t h e  e a r t h .  Th i s  a r t i f i c i a l  modulation of t h e  d a t a  must  be expected 

i n  mode 2C, and i t  is  t h e r e f o r e  cons idered  i n  t h e  a n a l y s i s  of r evo lu t ions  

74, 75, 76, and 103. I n  a l l  o t h e r  r evo lu t ions  from which da ta  for t h i s  

s tudy were obta ined ,proper  s t a b i l i z a t i o n  was assured .  

SUN 

FIG. 46. OGO-I1 SPACECRAFT AND LOOP ANTENNA ORIENTATION 
I N  FLIGHT MODE 2C.  The view i s  looking down on the  North 
Pole. The e a r t h ' s  magnetic f i e l d  l i n e s  a r e  not  shown. 
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Since r e v o l u t i o n  144,when t h e  supply of gas  became exhausted, t he  

s p a c e c r a f t  has  been ope ra t ed  f o r  long per iods  of time i n  a mode designated 

a s  3C. 

The "z" a x i s  does not po in t  towards the  e a r t h ,  but (except  f o r  p e r t u r b a t i o n s  

caused by drag, g r a v i t y  g r a d i e n t s  and s o l a r  r a d i a t i o n )  i s  f i x e d  i n  i n e r t i a l  

space.  

I n  t h i s  mode t h e  s p a c e c r a f t  s p i n s  slowly around the  "z "  ax i s .  

Recat ion wheel momentum i s  t r a n s f e r r e d  t o  t h e  s p a c e c r a f t  upon c e s s a t i o n  

of wheel a c t i v i t y  and t h i s  changes the yaw-spin per iod.  T h i s  per iod has 

been decreasing s t e a d i l y  during t h e  pas t  s e v e r a l  months from a pe r iod  

of approximately 12 minutes t o  a period of 3.7 minutes a t  t h e  p re sen t  

time. 

E.  SOURCE OF ERRORS 

For OGO-I1 an i n t e r n a l  c a l i b r a t i o n  system w a s  i nco rpora t ed  i n  t h e  

r e c e i v e r .  The c a l i b r a t o r  may be commanded through i ts  va r ious  modes t o  

check out t he  u n i t  without  e x t e r n a l  s t i m u l i ,  t he reby  al lowing t h e  same 

check-out procedure t o  be used on the ground t h a t  i s  now used with t h e  

s p a c e c r a f t  i n  o r b i t .  I n  t h i s  manner, a good h i s t o r y  of t h e  v a r i a t i o n  of 

important  parameters of t h e  equipment w a s  ob ta ined  during s e v e r a l  months 

of t e s t i n g  p r i o r  t o  launch. 

There a r e  two c i r c u i t s  i n  t h e  experiment which gene ra t e  s i g n a l s  t h a t  

a r e  phase-locked t o  t h e  s p a c e c r a f t  c lock and a r e  used t o  i n t e r n a l l y  

c a l i b r a t e  t h e  e l e c t r o n i c  c i rcu i t s .  One c i r c u i t  g e n e r a t e s  a spectrum of 

500 Hz harmonics and t h e  o t h e r  2.5 kHz and i t s  harmonics. The 2.5 kHz 

c a l i b r a t o r  is  used t o  check a l l  of t h e  experiment except Band 1 and t o  

measure t h e  loop antenna impedance. It  i n j e c t s  e i t h e r  a vo l t age  or a 

c u r r e n t  i n t o  t h e  antenna when it i s  c a l i b r a t i n g .  The 500 Hz c a l i b r a t o r  

i s  used t o  check t h e  Band 1 rece ive r  and i t  i n j e c t s  high-or-low l e v e l  

s i g n a l s  i n t o  t h e  Band 1 input  f i l t e r .  

Each c a l i b r a t o r  i s  tu rned  on and off  and switched between vol tage 

and c u r r e n t  or high and l o w  by the  same l o g i c  c i r c u i t r y .  There a r e  two 

modes t h a t  a r e  normal f o r  t h e  c a l i b r a t o r s . . .  t h e  automatic mode and t h e  

command mode. 

I n  t h e  automatic mode, s i g n a l s  a r e  generated for one complete sweep 
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every 16th sweep of t h e  sweeping r e c e i v e r s  as i n  OGO-I. 

Every o t h e r  c a l i b r a t i o n  sweep w i l l  be a vol tage-or-current  c a l i b r a t i o n  

f o r  t h e  2.5 kHz c a l i b r a t o r ,  and high or low l e v e l  r e s p e c t i v e l y  f o r  t h e  

500 H z  one. 

I n  t h e  command c a l i b r a t i o n  mode, t he  c a l i b r a t o r s  a r e  commanded on by 

a sequence of commands from t h e  ground. The command c a l i b r a t i o n  f u n c t i o n  

was added t o  the experiment t o  allow a quick,  thorough check-out of t he  

experiment when i n  o r b i t .  

Although a d e t a i l e d  s tudy of the c a l i b r a t i o n  l e v e l  has not ye t  been 

made f o r  OGO-I1 ( a s  was d i scussed  i n  Chapter I1 f o r  WO-I) t h e r e  i s  some 

evidence t h a t  t h e  c a l i b r a t i o n  l e v e l  has not changed and t h a t  amplitudes of 

v l f  s i g n a l s  as i n d i c a t e d  by t h e  s t r i p - c h a r t s  and 16mm SRI f i l m  records a r e  

accu ra t e  to  wi th in  - +1 db [B. P. F i c k l i n ,  p r i v a t e  communication], Since a 

completely d e t a i l e d  s tudy of t h e  c a l i b r a t i o n  l e v e l  i s  not expected t o  be 

completed f o r  approximately 6 months, one can  o n l y  s t a t e  t h a t  c a r e f u l  

examination of t h e  d a t a  and evidence of c a l i b r a t i o n  accuracy so  f a r  

obtained i n d i c a t e  no change. 

I n  r evo lu t ions  74, 75, 76, and 103, loop o r i e n t a t i o n  i s  c e r t a i n l y  a 

source of e r r o r  and one must proceed c a u t i o u s l y  i n  i n t e r p r e t i n g  t h e s e  da t a .  

I n  d a t a  from a l l  o t h e r  r e v o l u t i o n s  contained i n  t h i s  s tudy ,  loop o r i e n t a t i o n  

a s  an e r r o r  source has been r u l e d  ou t .  

A change of r e c e i v e r  g a i n  with temperature  change i s  the  major known 

source of e r r o r  i n  t h e  v l f  equipment package. Pre-launch t e s t s  showed 

t h i s  e r r o r  t o  be on t h e  o r d e r  of 1 db change i n  ou tpu t  vo l t age  f o r  a 30 c 
temperature change. Goddard Space F l i g h t  Center  Spacec ra f t  Operat ions 

Summaries show t h a t  a l l  s p a c e c r a f t  temperatures  were w e l l  w i t h i n  the  pre- 

d i c t e d  ranges f o r  t h e  f i r s t  144 r evo lu t ions ,  and t h a t  t h e  temperature 

f l u c t u a t i o n  of t h e  panel  on which t h e  v l f  equipment package is  l o c a t e d  

was l e s s  than 10 C during t h i s  per iod.  Hence, t h i s  a l s o  has  been r u l e d  

out  a s  a source of e r r o r .  

0 

0 

It i s  bel ieved t h a t  i n a b i l i t y  t o  a c c u r a t e l y  r ead  t h e  f i l m  p r e s e n t a t i o n s ,  

due t o  such t h i n g s  as abbe ra t ions  i n  t h e  p r o j e c t i o n  process ,  probably 

r e p r e s e n t  the g r e a t e s t  source of e r r o r .  T h i s  u n c e r t a i n t y  is  be l i eved  t o  

be 2 o r  3 db. I n  comparing measured va lues  with c a l c u l a t e d  values  through- 

ou t  t h i s  study, i t  i s  c l e a r  t h a t  t he  u n c e r t a i n t y  involved i n  t h e  c a l c u l a t i o n s  
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a s  a r e s u l t  of e f f e c t s  from unce r t a in ty  i n  t h e  models being used ( e l e c t r o n  

d e n s i t y  ve r sus  he igh t  and l a t i t u d e ,  for i n s t a n c e )  a r e  undoubtedly g r e a t e r  

than u n c e r t a i n t i e s  i n  t h e  measurements. 

F. PRESENTATION OF THE DATA 

By c a r e f u l l y  s c a l i n g  records such a s  those  shown i n  F igs .  47 through 

51, a l l  of t h e  a v a i l a b l e  fixed-frequency v l f  d a t a  from t h e  PCM te l eme t ry  

have been ob ta ined  f o r  r e v o l u t i o n s  up through and inc lud ing  137. These 

measured d a t a  (peak va lues )  have then been p l o t t e d  a s  f i e l d  i n t e n s i t y  

ve r sus  d i p o l e  l a t i t u d e ,  along w i t h  p e r t i n e n t  s a t e l l i t e  p o s i t i o n a l  information 

and time, i n  Figs .  56 through 89 of Chapter V I .  

The  r eco rds  p re sen ted  i n  t h i s  s e c t i o n  a r e  s e l e c t e d  not  only t o  i l l u s -  

t r a t e  t h e  manner i n  which t h e  d a t a  from OGO-I1 a r e  presented,  but p r i m a r i l y  

because of t h e  fundamental importance of t h e  phenomena they  r e p r e s e n t ,  

For i n s t a n c e ,  Figs .  47 and 48 c l e a r l y  show a whistler-mode cu to f f  a t  

approximately 60 geomagnetic l a t i t u d e ,  w h i c h  is  one of t h e  important new 

r e s u l t s  of t h i s  experiment. F igu re  49 shows a s i g n a l  enhancement of more 

than  25 db n e a r  t he  NPG antipode, and t h e  beginning of an i n t e n s e  no i se  

which i s  o f t e n  seen a t  high l a t i t u d e s .  F igu res  50 and 51 show high in t en -  

s i t y  s i g n a l s  from NPG over  an earth-ionosphere waveguide d i s t a n c e  of almost 

9 kkm, and a l s o  i l l u s t r a t e  one of the few i n s t a n c e s  i n  a l l  of t he  d a t a  where 

t h e  l a t i t u d i n a l  cu to f f  i s  not e n t i r e l y  e f f e c t i v e  and s i g n a l s  a r e  observed 

t o  magnetic l a t i t u d e s  a s  high a s  80  . These d a t a  w i l l  not be discussed 

f u r t h e r  a t  t h i s  po in t ,  but w i l l  be considered i n  Chapters V I 1 1  and I X .  

F igu res  52 through 55 a r e  t y p i c a l  of t h e  many Rayspan records pro- 

0 

0 

duced a t  S t an fo rd  from t h e  SP te lemetry which have been s tud ied .  While 

t h e s e  records have no t  been u t i l i z e d  i n  s p e c i f i c  amplitude determinat ion,  

t hey  have been valuable  i n  s tudying t h e  cu to f f  of whistler-mode s i g n a l s  

v e r s u s  l a t i t u d e  and t h e  f ad ing  p a t t e r n s  of v l f  s i g n a l s .  These r e s u l t s  a r e  

a l s o  included i n  Chapters V I 1 1  and I X .  

U t i l i z i n g  t h e  procedures ou t l ined  i n  Chapter 111, f i e l d  i n t e n s i t i e s  

have been c a l c u l a t e d  f o r  many s a t e l l i t e  l o c a t i o n s  where OGO-I1 ob ta ined  

d a t a .  These c a l c u l a t i o n s  a r e  based on t h e  r e f i n e d  model, a s  discussed 

i n  Chapter V I I ,  and a r e  p l o t t e d  a s  t he  dash-dot l i n e s  along with t h e  peak 

measured va lues  i n  Chapter V I .  
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FIG. 47. TO ILLUSTRATE A SHARP LATITUDINAL CUT OFF OF WHISTLER-NODE 
SIGNALS OBSERVED I N  OGO-11. The t o p  two t r a c e s  i n  each frame 
r e p r e s e n t  phase and ampli tude,  r e s p e c t i v e l y ,  of t h e  phase t r a c k  
r e c e i v e r  which i s  tuned t o  NPG. The bottom t race r e p r e s e n t s  
ampli tude of t h e  Band 3 r e c e i v e r  which, due t o  mis- tuning,  c o n t a i n s  
s i g n a l s  from both NAA and N E .  Note i n  FR 129 t h a t  t h e  magnetic 
l a t i t u d e  i s  58 and t h a t  t h e  NPG ampli tude i s  a s  high as 63 db 
below 1 ~ .  The NAA s i g n a l s  e s s e n t i a l l y  d i s a p p e a r  from Band 3 i n  
F R  132. 

0 

S EL-6 6 - 094 - 102 - 



FIG. 48. A CONTINUATION OF THE DATA SHOWN I N  F I G .  47. Note t h a t  
FR 135 c o n t a i n s  no evidence of NAA s i g n a l s  i n  t h e  Band 3 r e c e i v e r  
and t h a t  t h e  NPG s i g n a l s  i n  t h e  phase t rack r e c e i v e r  become n o t i c e -  
a b l y  weaker. The NpG s i g n a l s  con t inue  t o  f ade ,  and a r e  no longe r  
r ecogn izab le  i n  FR 139 and FR 140 where t h e  magnetic l a t i t u d e  i s  
60° and the  maximum ampl i tude  i s  102 db below ly. Each frame 
r e p r e s e n t s  4 . 6  seconds of r e a l  t ime. The c e n t e r  two t r a c e s  of 
each frame r e p r e s e n t  t h e  output  of t h e  Band 1 and Band 2 r e c e i v e r s .  
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FIG. 49. T O  ILLUSTRATE A SIGNAL E,,HANCENENT O F  APPROXIMATELY 25 db 
NEAR THE NFG ANTIPODE. NPG (second t r a c e  from t h e  top  i n  each 
frame) ends a s i l e n t  p e r i o d  and beg ins  CW t r a n s m i s s i o n  i n  F R  25 
when t h e  s a t e l l i t e  i s  w i t h i n  200 km of t h e  an t ipode .  The s i g n a l s  
f a d e  r a p i d l y  i n  subsequent frames as t h e  s a t e l l i t e  f l i e s  sou th ,  
and e n t e r s  t h e  r eg ion  of i n t e n s e  n o i s e  i n  F R  29. In  t h i s  sequence 
each frame r e p r e s e n t s  approximate ly  73 seconds  of r e a l  t ime. 
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F I G .  50. TO ILLUSTRATE HIGH INTENSITY NPG SIGNALS (SECOND TRACE FROM 

The s a t e l l i t e  i s  f l y i n g  n o r t h  over  S i b e r i a .  I n  FR 67 NTG s i g n a l s  
f a d e  r a p i d l y ,  w i t h  i n t e n s e  no i se  beginning  i n  F R  68. NPG i s  t r a n s -  
m i t t i n g  CW i n  F R  62 and F R  63 and beg ins  sending  t r a f f i c  i n  F R  65. 
Each frame r e p r e s e n t s  73 seconds of r e a l  t ime.  

T H E  T O P )  OVER AN EARTH-IONOSPHERE WAVEGUIDE DISTANCE OF ALMOST 9 kkm. 

- 105 - SEL-6  6- 094 



F I G .  51. A CONTINUATION O F  THE DATA SHOWN I N  F I G .  50, DEMONSTRATING 
ONE OF THE FEY INSTANCES WHERE THE LATITUDINAL CUT OFF I S  NOT 
OBSERVED, T H E  INTENSE N O I S E  (WHICH BEGAN I N  F R  68 O F  F I G .  50) DOES 
NOT P E R S I S T ,  AND VLF SIGNALS ARE OBSERVED AT HIGH LATITUDES (up TO 
81° I N  F R  73) .  
and i n t e n s e  n o i s e  i s  seen on t h e  Western Hemisphere ( n i g h t t i m e )  s i d e  
of the e a r t h .  

In F R  74 t h e  s a t e l l i t e  has  c r o s s e d  the  p o l a r  r eg ion  
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A ,  INTRODUCTION 

A l l  of t h e  vlf  

V I .  THE 0 -11  DATA 

amplitude d a t a  obtained from t h e  OGO-I1 PCM telemetry 

and processed by SRI have been sca l ed  and p l o t t e d  and a r e  p re sen ted  i n  

Figs .  56 through 89. Magnetic dipole l a t i t u d e  i s  used a s  t h e  independent 

v a r i a b l e  with magnetic f i e l d  s t r eng th  (db below 1 gamma) along t h e  o r d i n a t e ,  

P e r t i n e n t  s a t e l l i t e  p o s i t i o n a l  information i s  included on each f i g u r e .  

The s o l i d  l i n e  r e p r e s e n t s  t h e  peak i n t e n s i t i e s  of t h e  measured s i g n a l s  

from t h e  v l f  s t a t i o n s .  The dashed l i n e s  r ep resen t  peak i n t e n s i t i e s  of 

t h e  n o i s e  s i g n a l s  r ece ived  during per iods of time when no s i g n a l s  were 

apparent  from t h e  v l f  s t a t i o n s .  The dash-dot l i n e s  r ep resen t  values  

c a l c u l a t e d  by u t i l i z i n g  t h e  f i r s t - approx ima t ion  model a f t e r  mod i f i ca t ion  

as o u t l i n e d  i n  Chapter V I I .  

The s u b - s a t e l l i t e  p o i n t s , f o r  each r evo lu t ion  where v l f  d a t a  were 

ob ta ined ,  accompany t h e  f i e l d  i n t e n s i t y  ve r sus  magnetic l a t i t u d e  graphs 

i n  F i g s .  56 through 89. 

B. OGO-I1 FIELD INTENSITIES VERSUS DIPOLE LATITUDE 
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V I I .  REFINEMENT OF THE MODEL 

A. THE EARTH-IONOSPHERE WAVEGUIDE LOSS 

I n  comparing c a l c u l a t e d  and measured va lues  of Chapter  I V  and Chapter 

V I ,  two important obse rva t ions  may be noted,  bo th  of which suggest  a 

review of the  ear th- ionosphere waveguide l o s s  used i n  t h e  f i r s t - approx ima t ion  

model, 

F i r s t ,  t h e  l a r g e  f l u c t u a t i o n s  of f i e l d  s t r e n g t h  ve r sus  d i s t a n c e  i n  

C r a r y ' s  c a l c u l a t i o n s  (Fig.  27) a r e  not observed i n  t h e  d a t a  from e i t h e r  

OGO-I or OGO-11. F l u c t u a t i o n s  of t h i s  magnitude a r e  observed, but they  

seldom c o r r e l a t e  i n  d i s t a n c e  wi th  Fig.  27. Large f l u c t u a t i o n s  i n  t h e  

c a l c u l a t i o n s  are common f o r  bo th  t h e  daytime and n ight t ime models, and a r e  

c r e a t e d  by i n t e r f e r e n c e  p a t t e r n s  between d i f f e r e n t  modes of  t ransmiss ion .  

I t  i s  s t r ange  t h a t  t h e s e  l a r g e  f l u c t u a t i o n s ,  i f  indeed they  do e x i s t ,  a r e  

not  seen  ( c o r r e l a t e d  wi th  d i s t a n c e )  i n  t h e  da t a .  

Secondly, comparisons between c a l c u l a t e d  and measured f i e l d  i n t e n s i t i e s  

f o r  OGO-I o f t e n  show measured i n t e n s i t i e s  g r e a t e r  t h a n  those  p red ic t ed  by 

t h e  c a l c u l a t i o n s .  I t  appears  from t h e  r e s u l t s  of t h e  fo l lowing  two s e c t i o n s  

t h a t  u n c e r t a i n t i e s  i n  abso rp t ion  and divergence a r e  not  u s u a l l y  s u f f i c i e n t  

t o  e x p l a i n  t h e  observed d i f f e rence .  

Allcock [1966] has  c a l c u l a t e d  t h e  propagat ion  c h a r a c t e r i s t i c s  of an 

18.6 kHz s i g n a l  propagat ing  i n  t h e  ear th- ionosphere waveguide between a 

t r a n s m i t t e r  on t h e  ground and a p o i n t  j u s t  below t h e  ionosphere.  Allcock 

assumed, a s  d i d  Crary,  t h a t  t h e  lower boundary of t h e  ionosphere i s  a 

s h a r p l y  bounded homogeneous medium of cons t an t  r e f r a c t i v e  index. H i s  

c a l c u l a t i o n s  allowed f o r  two e f f e c t s  not  t r e a t e d  by C r a r y ,  v i z . ,  d i f f r a c t i o n  

around t h e  e a r t h ' s  s u r f a c e  f o r  near  t a n g e n t i a l  r ays  [Wait and Murphy, 19571 

and t h e  n e t  convergence of r a y s  bouncing between a s p h e r i c a l  e a r t h  and a 

c o n c e n t r i c a l l y  s p h e r i c a l  ionosphere [Allcock,  19641. While Crary ' s  c a l -  

c u l a t i o n s  included t h e  t r ansmiss ion  l o s s e s  a t  t h e  ionosphere-free space 

boundary, Allcock removed t h i s  compl ica t ion  i n  o r d e r  t o  g ive  a gene ra l  

s i m p l i f i e d  p i c t u r e  of t h e  form of v a r i a t i o n  of f i e l d  s t r e n g t h  w i t h  d i s t ance .  

Allcock's r e s u l t s  show t h a t  t h e  s c a l e  of t h e  i n t e r f e r e n c e  p a t t e r n  i s  

less than  tha t  shown by Crary.  The magnitude of t h e  d i p s  i n  t h e  Allcock 
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n igh t t ime  p a t t e r n  a r e  on t h e  o r d e r  of 3 t o  6 db o u t  t o  a d i s t a n c e  of 

approximately 700 km. H i s  r e s u l t s  show a 7 o r  8 db d i p  a t  approximately 

900 km, while t h e  corresponding nighttime d i p  a t  t h i s  d i s t a n c e  a s  shown 

by Crary i s  almost 15 db. Between 1 klun and 3 kkm t h e  Allcock p a t t e r n  

v a r i e s  only 2 or 3 db while  C r a r y  shows two sudden drops i n  magnitude of 

approximately 14 db n igh t t ime  and 20 db daytime r e s p e c t i v e l y  i n  t h i s  same 

d i s t a n c e  i n t e r v a l .  

Allcock concludes t h a t  t h e  undulat ions i n  t h e  i n t e r f e r e n c e  p a t t e r n  

a r e  small ,  and t h a t  t h e  gene ra l  t rend of t h e  v a r i a t i o n  with d i s t a n c e  can 

u s e f u l l y  be found by p l o t t i n g  t h e  r m s  value of t h e  r e s u l t a n t  f i e l d  

s t r e n g t h ,  [ E l E n y , I 2 ] '  , a s  a func t ion  of d i s t a n c e ,  From t h i s  pro- 

cedure he f i n d s  t h a t  t h e  d i f f e r e n c e  between t h e  curve f o r  daytime t r a n s -  

miss ion  and t h a t  f o r  n igh t t ime  t ransmission is  q u i t e  small ,  u s u a l l y  less 

t h a n  2 db. Except f o r  d i s t a n c e s  between 300 and 800 km, t h e  daytime f i e l d  

s t r e n g t h  i s  l a r g e r  t han  t h e  night t ime f i e l d  s t r e n g t h .  

A l l cock ' s  c a l c u l a t i o n s  g ive  t h e  f i e l d  s t r e n g t h  of t h e  i n c i d e n t  s i g n a l  

n e a r  t h e  lower boundary of  t h e  ionosphere. H e  p o i n t s  ou t  t h a t  t h e  a c t u a l  

s i g n a l  de t ec t ed  by rocket-borne r ece iv ing  equipment j u s t  below t h e  ionosphere 

w i l l  be d i f f e r e n t  from t h i s ,  s i n c e  t h e r e  w i l l  a l s o  be a s i g n a l  r e f l e c t e d  

from t h e  ionosphere nearby. These two s i g n a l s  must be combined v e c t o r i a l l y  

t o  g i v e  t h e  r e s u l t a n t  s i g n a l  t h a t  i s  received.  Thus t h e  0-hop ray  i s  no 

l o n g e r  independent of t h e  r e f l e c t i o n  c o e f f i c i e n t  of t h e  ionosphere. A s  

an  example, Allcock made c a l c u l a t i o n s  f o r  a loop antenna o r i e n t e d  i n  t h e  

p l ane  of propagat ion and s i t u a t e d  j u s t  below the  ionosphere.  He found 

t h a t  t h e  e f f e c t  of t h e  proximity of t h e  ionosphe r i c  boundary i s  t o  decrease 

t h e  r ece ived  s i g n a l  s t r e n g t h ,  except f o r  very small  va lues  of d. The day 

t o  n i g h t  v a r i a t i o n  i s  s t i l l  smal l ,  t h e  maximum d i f f e r e n c e  being about 5 db 

2 t  a d i s t a n c e  of 400 km, t h e  night t ime s i g n a l  being s t r o n g e r  than  t h e  

daytime s i g n a l .  

I t  i s  not c lear  why Crary's and Allcock's c a l c u l a t i o n s  should d i f f e r  

s o  widely.  However, t h e  fol lowing f a c t o r s  should be considered. 

1. Crary ' s  r ay  summations always included t h e  s i x  components f o r  
through 5. Addi t iona l  components were then inc luded  u n t i l  t h e  a m p l i -  
t u d e  of t h e  l a s t  r ay  was l e s s  than 1% of t h e  amplitude of t he  previous 
sum. Allcock's curves  were computed by summing t h e  d i r e c t  (0-hop), 

n = 0 

- 147 - S EL-6 6- 094 



2. 

3. 

4 .  

5 .  

6. 

1-hop, and 2-hop r a y s .  He s t a t e s  t h a t  t h e  e f f e c t  of n e g l e c t i n g  the  
c o n t r i b u t i o n s  of t h e  3-hop and h i g h e r  o r d e r  r a y s  w i l l  not amount t o  
more than about 1 db w i t h i n  t h e  range 100 t o  3,000 km. 

Crary ( p r i v a t e  communication) p o i n t s  o u t  t h a t  h i s  c a l c u l a t i o n s  in-  
c luded t h e  e f f e c t s  of t h e  e a r t h ' s  magnetic f i e l d  and t h e  c r o s s  coupl ing 
between t h e  two p o l a r i z a t i o n s  of t h e  i n c i d e n t  and r e f l e c t e d  waves. 
Allcock appa ren t ly  d i d  not i nc lude  t h i s  e f f e c t .  

I n  t h e  method used by Crary and by Allcock, t h e  value of u ( a  param- 
e t e r  which t a k e s  i n t o  account t h e  r e f r a c t i v e  index of t h e  mgdium) 
determines t h e  r e f l e c t i o n  c o e f f i c i e n t  of t h e  ionosphere.  A r educ t ion  
i n  U, would lower t h e  r e f l e c t i o n  c o e f f i c i e n t  and thereby tend t o  
smoot6 ou t  t h e  v a r i a t i o n  of f i e l d  s t r e n g t h  with d i s t ance .  T h i s  e f f e c t  
was shown by Crary [1961]. However, upon comparing t h e  ionospheric  
models used by Allcock and by C r a r y ,  one f i n d s  t h a t  Allcock's n i  h t  
t ime value f o r  LD i s  8 x 10  rad/sec,  while  Crary used 5 x log  r a d /  
sec. Thus i t  appears  t h a t  d i f f e r e n c e s  i n  t h e  two ionosphe r i c  models 
which were used do no t  account f o r  t h e  d i f f e r e n c e  i n  t h e  c a l c u l a t i o n s .  

I t  appears u n l i k e l y  t h a t  t h e  t w o  e f f e c t s  t r e a t e d  by Allcock, but not 
by C r a r y  ( d i f f r a c t i o n  around t h e  e a r t h ' s  s u r f a c e  f o r  n e a r  t a n g e n t i a l  
rays ,  and t h e  n e t  convergence of r a y s  bouncing between a s p h e r i c a l  
e a r t h  and a c o n c e n t r i c a l l y  s p h e r i c a l  ionosphere)  could cause t h e  
d i f f e r e n c e ;  p a r t i c u l a r l y  a t  t h e  s h o r t e r  d i s t a n c e s  where d i f f e r e n c e s  
a r e  pronounced. 

Crary's summation of t h e  r a y s  was made j u s t  above t h e  boundary a f t e r  
t h e  r a y s  had e n t e r e d  t h e  ionosphere.  Depending upon t h e  ang le s  of 
incidence and r e f r a c t i o n ,  t h e s e  r a y s  would have d i f f e r e n t  wave normal 
ang le s  above t h e  boundary than  they had below and would produce d i f -  
f e r e n t  i n t e r f e r e n c e  p a t t e r n s .  

I f  t h e  l a r g e  v a r i a t i o n  of f i e l d  s t r e n g t h  with d i s t a n c e  does indeed 
e x i s t  j u s t  above t h e  boundary, i t  i s  p o s s i b l e  t h a t  o t h e r  f a c t o r s  might 
prevent t h e  observance o f  t h i s  phenomenon by t h e  s a t e l l i t e s .  For  
ins tance ,  i t  appears  reasonable  t h a t  s c a t t e r i n g  of t h e  waves a t  lower 
regions i n  t h e  ionosphere cou ld  t end  t o  
a t i o n s ,  t he reby  p reven t ing  t h e i r  be ing  observed by t h e  s a t e l l i t e s .  
T h i s  hypothesis  p o s s i b l y  could be checked by r o c k e t s  o r  by a s a t e l l i t e  
f l y i n g  a t  minimum a l t i t u d e .  

5 
r 

1 1  smear out" t h e  l a r g e  v a r i -  

I t  should be noted t h a t  both Allcock and Crary neglec ted  t h e  non- 

r e c i p r o c i t y  of propagat ion of v l f  r a d i o  waves ove r  an east-west path 

[Crombie, 1958; Wait and Sp ies ,  19601 i n  o r d e r  t o  s i m p l i f y  t h e i r  t r ea tmen t .  

Azimuthal dependency a r i ses  from i n c l u s i o n  of t h e  l o n g i t u d i n a l  component 

of t h e  e l e c t r i c  f i e l d  of t h e  whistler-mode wave i n  t h e  ionosphere,  and 

from t h e  v a r i a t i o n  of a t t e n u a t i o n  with azimuth a s  mentioned i n  t h e  follow- 

i n g  sec t ion .  Ne i the r  Crary no r  Allcock cons idered  t h e s e  e f f e c t s  i t 1  t h e i r  

c a l c u l a t i o n s .  Allcock notes  t h a t  t h i s  w i l l  no t  a f f e c t  t h e  c a l c u l a t i o n s  
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f o r  t he  inc iden t  0-hop r a y  which is dominant t o  d i s t a n c e s  of 1.5 t o  2 kkm. 

However, he p o i n t s  ou t  t h a t  a cons ide ra t ion  of experimental  da t a  on ground- 

to-ground t ransmiss ion  [ Watt and Croghan, 19641 sugges ts  t h a t  neglec t  of 

non-rec iproc i ty  cons ide ra t ions  may lead t o  s i g n i f i c a n t  e r r o r s  a t  l a r g e r  

d i s t a n c e s .  A s  Allcock no te s ,  t h e  inc iden t  wave i s  not  s e n s i t i v e  t o  azimuth. 

However, i t  should be poin ted  ou t  t h a t  t h e  t r ansmi t t ed  wave w i l l  have 

azimut ha1 dependency. 

Davies [1965] p re sen t s  a survey of t h e  work of Her i tage ,  e t  a 1  [1947] ,  

Crombie [1958], Barron [1959],  Barber and Crombie [1959],  Wait and Spies  

[1960],  J o h l e r  and Harper [1962],  and Wait [1962], and concludes the  

f o 11 owing : 

1. The most favorable  propagat ion condi t ions  f o r  a s i g n a l  of frequency 
between 15 and 20 kHz occur  f o r  west- to-east  p ropagat ion  over  s e a  a t  
n i g h t .  The a t t e n u a t i o n  r a t e  under these  cond i t ions  i s  a minimum and 
i s  about 1 db/kkm. 

2. The maximum a t t e n u a t i o n  r a t e  f o r  t h i s  frequency range occurs  f o r  a 
l and  path from east- to-west  during dayl ight  and i s  about 3.5 t o  4 db/ 
kkm. 

3. Experimental  observa t ions  c o n s i s t e n t l y  show night  va lues  of a t t e n u a t i o n  
lower than  the  day va lues .  

4. I n  genera l ,  propagat ion i n  t h e  15 t o  20 kHz frequency range over  land 
adds about 1 . 0  t o  1.5 db/kkm t o  t h e  n ight t ime value.  The non-rec iproc i ty  
causes  about 1 db/kkm more a t t enua t ion  f o r  east-west  propagat ion a s  
compared w i t h  west-east  propagation. There i s  some evidence which 
i n d i c a t e s  t h a t  a t t e n u a t i o n  is higher  i n  t h e  a u r o r a l  zone and over  l a r g e  
expanses of i c e  such a s  Greenland [ A .  G. Jean, p r i v a t e  communication]. 

I t  i s  i n s t r u c t i v e  t o  compare t h e  Crary and Allcock c a l c u l a t i o n s  w i t h  

t h e  above. Allcock shows a t t e n u a t i o n  r a t e s  decreasing with d i s t ance  from 

a maximum r a t e  of approximately 7 db/kkm between 1 and 2 kkm, t o  about 

3 db/kkm between 4 and 5 kkm, the  d i s t ance  a t  which h i s  c a l c u l a t i o n s  

te rmina te .  By e s t ima t ing  a b e s t - f i t  rms value f o r  Cra ry ' s  n ight t ime r e s u l t s  

(F ig .  27), one f i n d s  t h e  a t t enua t ion  r a t e s  t o  be approximately the  same a s  

Al l cock ' s  for d i s t ances  up t o  3 or 4 kkm, but  t o  be s u b s t a n t i a l l y  h igher  

than Al lcock ' s  f o r  g r e a t e r  d i s t ances .  For example, t h e  a t t e n u a t i o n  r a t e  

shown by Crary is a t  l e a s t  8 db/kkm between 5 and 7 kkm. 

One concludes from t h e  above tha t  s i n c e  F ig ,  27 was u t i l i z e d  i n  the 

f i r s t - approx ima t ion  model, t he  ear th- ionosphere waveguide l o s s e s  c a l c u l a t e d  

f o r  l a r g e  d i s t a n c e s  a r e  probably too high. 

- 149 - SEL-66-094 



I n  o rde r  t o  determine t h e  wave guide a t t e n u a t i o n  i n d i c a t e d  b y  t h e  

OGO data ,  i t  i s  necessary t o  normalize t h e  d a t a  i n  such a manner a s  t o  

remove t h e  o t h e r  two major  e f f e c t s ;  l o s s e s  due t o  spreading ,  and l o s s e s  

due t o  absorp t ion  i n  pass ing  through t h e  ionosphere.  T h i s  normal iza t ion  

i s  not d i f f i c u l t  and may be  accomplished s a t i s f a c t o r i l y  f o r  e i t h e r  s a t -  

e l l i t e ,  although t h e  process  f o r  each is  d i f f e r e n t .  I n  gene ra l ,  t h e  

OGO-I o r b i t  is such t h a t  l o s s e s  due t o  spreading  and abso rp t ion  (both a 

f u n c t i o n  of l a t i t u d e )  change r e l a t i v e l y  s lowly with t ime and a r e  easy t o  

i s o l a t e .  This  i s  no t  t h e  case  f o r  t h e  low-a l t i tude  p o l a r  o r b i t  of OGO-I1 

where l a t i t u d e  and hence abso rp t ion  changes very r a p i d l y  wi th  time. 

An example of how t h i s  normal iza t ion  p rocess  is performed on t h e  

OGO-I data  i s  now shown, u t i l i z i n g  Fig.  34 f o r  NAA on 24 November 1964. 

During the t i m e  i n t e r v a l  0149 UT t o  approximately 0203 UT (approximately 

midnight t o  0200 LMT a t  t h e  f o o t ) , t h e  l o c a t i o n  of  t h e  f o o t  of t he  f i e l d  

l i n e  i n  the  Northern hemisphere changed a s  fol lows:  

1. The d i s t ance  from NAA t o  t h e  f o o t  i n c r e a s e d  approximately l i n e a r l y  
wi th  t i m e  from 2 kkm t o  6.5 kkm. 

2. The longi tude  of t h e  f o o t  moved Eastward a c r o s s  t h e  A t l a n t i c  Ocean 
0 while  t h e  l a t i t u d e  of t h e  f o o t  remained w i t h i n  f 5  of 50° geomagnetic 

l a t i t u d e ,  wi th  l a t i t u d e  a t  t h e  end of t h e  i n t e r v a l  on ly  approximately 
3 O  higher  than  a t  t h e  beginning. 

3. A s  the  f o o t  l o c a t i o n  moved almost due Eas t  from NAA, e s s e n t i a l l y  a l l  
of the ear th- ionosphere waveguide pa th  w a s  ove r  s e a  water  f o r  t h e  
e n t i r e  i n t e r v a l .  

From (2) above and Fig.  29, i t  i s  seen  t h a t  t h e  s i g n a l  w i l l  exper ience  

approximately $ db l e s s  abso rp t ion  a t  t h e  end of t h e  t ime i n t e r v a l  t han  

a t  t h e  beginning. 

During t h i s  i n t e r v a l ,  t h e  s a t e l l i t e  was i n  t h e  Southern hemisphere 

f l y i n g  towards t h e  nor th-eas t  and i t s  p o s i t i o n  ( l a t i t u d e  and a l t i t u d e )  

changed i n  such a manner t h a t  t h e  gyrofrequency a t  t h e  s a t e l l i t e  i nc reased  

from 212 kHz t o  approximately 325 kHz, From t h e  methods of Chapter 111, 

t h e  d i f f e rence  i n  divergence of t h e  s i g n a l  is  approximately 2.2 db wi th  

t h e  divergence loss being l e s s  a t  t h e  end of t h e  i n t e r v a l .  

From the foregoing,  one may conclude t h a t  ove r  t h e  t i m e  i n t e r v a l  in -  

volved, the s i g n a l  i n t e n s i t y  a t  t h e  s a t e l l i t e  was inc reased  by approximately 

2.7 db due t o  changes i n  absorp t ion  and divergence.  Removing t h e  e f f e c t s  
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of t h e s e  two f a c t o r s  should t h u s  provide t h e  normalized r a t e  of a t t e n u a t i o n  

due t o  ear th- ionosphere waveguide l o s s e s  alone. 

When t h e  d a t a  of Fig.  34 a r e  normalized i n  t h i s  manner, one o b t a i n s  

an average earth-ionosphere waveguide a t t e n u a t i o n  r a t e  of approximately 

2.7 db/kkm over  t h i s  i n t e r v a l  of 2. t o  6.5 kkm. Recal l  t h a t  t h i s  i s  f o r  

a west-to-east  propagat ion path over s e a  water  a t  n igh t .  

It should be noted t h a t  t h e  r a t e  of ear th- ionosphere waveguide a t t e n -  

u a t i o n  i s  non-l inear ,  becoming success ive ly  sma l l e r  with d i s t a n c e  a s  

i n d i c a t e d  by both C r a r y  and Allcock. Th i s  i s  due t o  the  two-dimensional 

sp read ing  of t h e  s i g n a l  i n  t h e  ear th- ionosphere waveguide. For d i s t a n c e s  

used i n  t h e  above c a l c u l a t i o n s ,  t h i s  loss v a r i e s  approximately a s  the 

i n v e r s e  square roo t  of t he  d i s t ance ,  t he reby  adding another  3 db loss each 

time t h e  d i s t a n c e  i s  doubled. T h i s  loss  i s  of course i n h e r e n t l y  included 

i n  a l l  experimental  observat ions,  but i s  sometimes omit ted (or removed) 

when p r e s e n t i n g  t h e s e  d a t a  or t he  r e s u l t s  of t h e o r e t i c a l  c a l c u l a t i o n s  

based on waveguide mode theory.  For example, although the  conclusions of 

Davies a r e  based on experimental  observat ions,  t he  loss  due t o  two dimen- 

s i o n a l  spreading has  been removed. Davies minimum a t t e n u a t i o n  r a t e  i s  

approximately 1 db/kkm f o r  east-to-west propagat ion over s e a  water  a t  

n igh t .  When one adds t o  t h i s  r a t e  the e f f e c t s  of two dimensional spreading 

good agreement (wi th in  & db/kkm) is  ob ta ined  between h i s  conclusions and 

t h e  OGO-1 da t a  f o r  t h e  earth-ionosphere waveguide l o s s  of t h e  above example. 

Normalization of t h e  E O - 1 1  da t a  i s  accomplished i n  t h e  fol lowing 

manner, I n  Chapter V i t  w a s  pointed out  t h a t  t h e  OGO-I1 o r b i t  i s  e s s e n t i a l l y  

p o l a r  and has  a pe r iod  of 104 minutes. Therefore on each success ive  

r e v o l u t i o n  t h e  s a t e l l i t e  w i l l  c r o s s  any given l a t i t u d e  a t  a longi tude 26 West 

of where i t  c rossed  t h i s  given l a t i t u d e  on t h e  previous r evo lu t ion .  There- 

fore, where d a t a  from successive r evo lu t ions  a r e  a v a i l a b l e ,  one o b t a i n s  

two s i t u a t i o n s  (one on t h e  dayside and one on the  n i g h t s i d e  of t h e  e a r t h )  

where the  d i f f e r e n c e  i n  s i g n a l  i n t e n s i t y  measured a t  a given l a t i t u d e  i s  

due almost e n t i r e l y  t o  t h e  d i f f e r e n c e  i n  t h e  l eng th  of t he  ear th- ionosphere 

waveguide path.  By choosing a dipole l a t i t u d e  of approximately 50 f o r  

t h e s e  comparisons, one o b t a i n s  t h e  fol lowing advantages: 

0 

0 

1. The d i f f e r e n t i a l  earth-ionosphere waveguide d i s t a n c e  w i l l  be nea r ly  
due East or due West of e i t h e r  NAA or NFG. T h i s  permits  a study o f  
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t h e  non-reciproci ty  of propagation over  an east-west path.  

2. Absorption of t h e  s i g n a l  i n  passing through the ionosphere w i l l  be 
v i r t u a l l y  the  same on each success ive  r evo lu t ion .  T h i s  fol lows from 
t h e  f l a t n e s s  of t he  abso rp t ion  curve a t  l a t i t u d e s  as high a s  50 ( s e e  
Fig.  29) and a l s o  from t h e  f a c t  t h a t  a t  50 magnetic l a t i t u d e ,  t h e  
p o s i t i o n  of t h e  f o o t  of t he  f i e l d  l i n e  a t  h e i g h t s  where maximum ab- 
s o r p t i o n  occurs  w i l l  not  be s e n s i t i v e  t o  v a r i a t i o n s  i n  s a t e l l i t e  
height  on success ive  r evo lu t ions .  

0 

0 

Since the  s a t e l l i t e  a l t i t u d e  does not change apprec iab ly  a t  a given 

l a t i t u d e  between success ive  r e v o l u t i o n s , d i f f e r e n c e s  i n  divergence of the 

s i g n a l ,  assuming f i e l d - a l i g n e d  propagation, w i l l  be l e s s  than 1 db and 

may be neglected.  

To i l l u s t r a t e  t he  above procedure, cons ide r  t h e  OGO-I1 d a t a  from 

r e v o l u t i o n s  74 and 75 (Figs .  57 and 59) .  On r e v o l u t i o n  74 a t  approximately 

2136 UT, t h e  s a t e l l i t e  reached a no r the rn  magnetic l a t i t u d e  of 50 degrees 

a t  a d i s t ance  of approximately 400 km west of NAA. The measured peak 

va lue  of NAA f i e l d  i n t e n s i t y  was 40 db below 1 gamma. On t h e  next revo- 

l u t i o n ,  t h e  s a t e l l i t e  reached a no r the rn  magnetic l a t i t u d e  of 50 degrees  

a t  approximately 2320 UT a t  a l ong i tude  26 degrees west of t h e  p o s i t i o n  

noted above. The measured peak value of NAA f i e l d  i n t e n s i t y  was 58 db 

below 1 gamma. A t  t h i s  l a t i t u d e  (approximately 40 geographic)  a 26 degree 

change i n  longi tude r e p r e s e n t s  a d i s t a n c e  change o f  approximately 2.22 kkm. 

The i n d i c a t e d  ear th- ionosphere waveguide a t t e n u a t i o n  r a t e  over  t h i s  

0 

d i s t a n c e  i n t e r v a l  i s  t h e r e f o r e  

T h i s  i s  fo r  an east-to-west path ove r  land during t h e  daytime. Note 

t h a t  t h i s  r e s u l t  g i v e s  an average r a t e  of a t t e n u a t i o n  ( t h e  s l o p e  of t h e  

a t t e n u a t i o n  versus  d i s t a n c e  cu rve )  over  t h e  d i s t a n c e  i n t e r v a l  involved. 

I n  o rde r  t o  compare t h e  abso lu te  value (no t  j u s t  t h e  s l o p e )  of t h e s e  

measured a t t e n u a t i o n  r a t e s  from OGO-I and OGO-I1 with Crary 's  c a l c u l a t e d  

va lues  of Fig. 27, a d d i t i o n a l  no rma l i za t ion  is  requ i r ed .  F i r s t ,  i t  i s  

necessary t o  remove t h e  e f f e c t s  of abso rp t ion  and divergence ( a s  d i scussed  

above) from t he  measured values ,  and t o  normalize t h e  measurements t o  a 

r a d i a t e d  power of 1 kw, Secondly, i t  is  necessary t o  reduce t h e  magnitudes 
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of t h e  peak measured va lues  by an amount corresponding t o  t h e  c o r r e c t i o n  

f a c t o r s  c a l c u l a t e d  i n  C h a p t e r  11. These c o r r e c t i o n  f a c t o r s  provide an 

e s t i m a t e  of t h e  r a t i o  between peak to  average va lues  of t he  measured 

da ta ,  and must be u t i l i z e d  whenever one compares c a l c u l a t e d  values  (based 

on average power) t o  t h e  peak i n t e n s i t i e s  s c a l e d  from t h e  data .  A l l  of 

t h e s e  f a c t o r s  have been considered i n  t h e  normalizat ion process.  

By the  methods o u t l i n e d  above, a l l  of t h e  OGO-I and OGO-I1 d a t a  have 

been u t i l i z e d  t o  produce t h e  earth-ionosphere waveguide a t t e n u a t i o n  r a t e s  

shown i n  Table 6 and i n  Figs .  90  and 91. U n c e r t a i n t i e s  i n  the  no rma l i za t ion  

p rocess  and i n  t h e  s c a l i n g  of records probably in t roduce  s i z e a b l e  errors. 

Erro r  b a r s  on each of t h e  a t t e n u a t i o n  r a t e s  shown i n  Figs .  90 and 91 in -  

d i c a t e  the  bes t  e s t i m a t e  of t h e s e  u n c e r t a i n t i e s .  

TABLE 6. ATTENUATION RATES I N  THE EARTH-IONOSPHERE WAVEGUIDE 
A S  INDICATED BY NORMALIZING THE OGO DATA. Rates a r e  i n  db/kkm. 
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1 0 SUMMER DAY IONOSPHERE 

e 

DISTANCE (thouaanda of k m )  

FIG. 90. FIELD INTENSITY OF DAYTIME TRANSMITTED WAVE (JUST 
ABOVE THE BOUNDARY) VERSUS DISTANCE FROM SHORT VERTICAL 
ANTENNA AT GROUND RADIATING 1 kw. The l i n e  segments a r e  
normalized measurements from t h e  s a t e l l i t e s ,  The d o t t e d  
e r r o r  ba r s  r e p r e s e n t  u n c e r t a i n t i e s  i n  t h e  a t t e n u a t i o n  r a t e  
(s lope) .  The s o l i d  b a r s  i n d i c a t e  u n c e r t a i n t i e s  i n  abso- 
l u t e  magnitudes of t he  normalized measurements. 1 = OGO-11 
Rev. 74 and 75, east-to-west ove r  land. 2 = OGO-I, 2 Nov- 
ember 1964, west- to-east  over  land. 3 = OGO-I1 Rev, 105 
and 106, east-to-west ove r  land,  4 = OGO-I1 Rev. 106 and 
107,  east-to-west over  s e a  water. 5 = OGO-I, 18 September 
1965, east-to-west ove r  land. 6 E OGO-I1 Rev. 125 and 126, 
west - t o -eas t  over land. 

0 
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DISTANCE (thousands of km)  

FIG. 91. FIELD INTENSITY OF NIGHTTIME TRANSMITTED WAVE 
(JUST ABOVE THE BOUNDARY) VERSUS DISTANCE FROM SHORT 
VERTICAL ANTENNA AT GROUND RADIATING 1 kw. The l i n e  
segments a r e  normalized measurements from t h e  s a t e l l i t e s .  
The d o t t e d  e r r o r  b a r s  represent  u n c e r t a i n t i e s  i n  t h e  
a t t e n u a t i o n  ra te  ( s lope ) .  The s o l i d  b a r s  i n d i c a t e  un- 
c e r t a i n t i e s  i n  abso lu t e  magnitudes of t h e  noimalized 
measurements. 1 = OGO-I, 1 A p r i l  1965, north-to-south 
over  land. 2 = OGO-I, 24 November 1964, west-to-east  
over  s e a  water.  3 = OGO-I, 6 A p r i l  1965, east-to-west 
ove r  s e a  water. 4 = OGO-I1 Rev. 105 and 106, west-to- 
e a s t  over  a mixed path. 5 = OGO-I1 Rev, 126 and 127, 
east- to-west  over  sea water. 6 = OGO-I1 Rev. 74 and 75, 
west- to-east  ove r  land. 7 = OGO-I1 Rev. 125 and 126, 
east-to-west over  sea water, 
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B. ABSORPTION LOSS 

Another apparent  weakness of t h e  f i r s t -approximat ion  model i nvo lves  

t h e  l a r g e  value of daytime abso rp t ion  through t h e  upper ionosphere (200 

t o  1500 km). A s  po in ted  ou t  i n  Chapter 111, t h e  abso rp t ion  curves of 

F ig .  29 were c a l c u l a t e d  on t h e  b a s i s  of a daytime f F2 of 12.5 MHz and 

a nighttime foF2 of 5.5 MHz. A s tudy  of t h e  Ionospheric  Data Charts ,  

P a r t  A of t h e  CRPL F-Series  f o r  t h e  p e r i o d  October 1964 through August 

1965 i n d i c a t e s  t h a t  a more a c c u r a t e  value for f F2 a t  mid - l a t i t udes  

du r ing  the  t i m e  OGO-I d a t a  f o r  t h i s  s tudy  were ob ta ined  would be 6 MHz 

daytime, and 3 MHz night t ime.  

0 

0 

U t i l i z i n g  t h e s e  a d j u s t e d  f F2 va lues  t h e  i n t e g r a t e d  abso rp t ion  
0 

curves were r e - c a l c u l a t e d  and a r e  shown i n  Fig.  92, where f o r  quick 

r e f e r e n c e  the  abso rp t ion  cu rves  for t h e  f i r s t -approximat ion  model (Fig.  29) 

a r e  a l s o  shown. I n  a d d i t i o n  t o t a l  abso rp t ion  a s  a f u n c t i o n  of height  

for t h e s e  a d j u s t e d  va lues  of f F2 a r e  shown i n  F i g ,  93. 
0 

Note i n  Fig.  92 t h a t  t h e  a d j u s t e d  va lues  of f F2 r e s u l t  i n  approxi- 
0 

mately 1 0  db l e s s  daytime t o t a l  abso rp t ion  f o r  most l a t i t u d e s .  The 

a d j u s t e d  values  have much less  e f f e c t  on t h e  n igh t t ime  c a l c u l a t i o n s .  For  

d ipo le  l a t i t u d e s  above approximately 35 t h e  n igh t t ime  d i f f e r e n c e  is l e s s  

t han  2 db. 

0 

I n  t h e  p rocess  of r e - c a l c u l a t i n g  t h e  abso rp t ion  curves,  s e v e r a l  

d i f f e r e n t  models of t h e  lower and upper ionosphere were used and t h e  

e f f e c t  o f  each model on t o t a l  abso rp t ion  w a s  determined. One of t h e s e  

composite models u t i l i z e d  t h e  lower-ionosphere e l e c t r o n  d e n s i t y  and 

c o l l i s i o n  frequency h e i g h t  d i s t r i b u t i o n s  of P i g g o t t ,  e t  a 1  [1965]. The 

maximum d i f f e r e n c e  between t o t a l  daytime a b s o r p t i o n  a t  any l a t i t u d e  us ing  

t h e  He l l iwe l l  model of F ig .  28 or t h e  P i g g o t t ,  e t  a 1  model was approxi- 

mately 6 db. The H e l l i w e l l  model produced t h e  lower value of abso rp t ion ,  

which w a s  expected, s i n c e  h i s  va lues  of e l e c t r o n  d e n s i t y  ve r sus  he igh t  

i n  t h e  lower daytime ionosphere are  s l i g h t l y  l e s s  t han  those  of P i g g o t t ,  

e t  a l .  

Comparison of  t h e  measured and c a l c u l a t e d  f i e l d  i n t e n s i t i e s  i n  F igs .  

34 through 44 show t h a t  OGO-I u s u a l l y  measures daytime i n t e n s i t i e s  g r e a t e r  

t h a n  those p r e d i c t e d  by t h e  c a l c u l a t i o n s ,  Therefore  i t  would not  seem 
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adv i sab le  t o  choose or c o n s t r u c t  models i n  such a manner a s  t o  i n c r e a s e  

the  abso rp t ion  and thereby c r e a t e  an even l a r g e r  discrepancy between the 

measured and c a l c u l a t e d  values .  

I n  t h e  abso rp t ion  theory from which t h e  numerical r e s u l t s  f o r  t h i s  

s tudy were obtained,  i t  was assumed t h a t  t h e  waves were homogeneous. 

Since t h e  r e f r a c t i v e  index can be complex as shown by Eq. (l.l), t h e  

t r ansmiss ion  angle  can be complex; indeed t h i s  must be the  c a s e  i n  o r d e r  

t o  s a t i s f y  S n e l l ' s  l a w  a t  t h e  boundary [Budden, 19611. T h i s  c o n d i t i o n  

r e s u l t s  i n  t h e  p l anes  of cons t an t  phase not  being a l igned  w i t h  t h e  p l anes  

of cons t an t  amplitude. Such a wave i s  c a l l e d  an inhomogeneous plane wave 

[Budden, 19611. 

R. L. Smith has c a l c u l a t e d  t h e  a t t e n u a t i o n  r a t e  f o r  s e v e r a l  inhomogeneous 

waves. He concludes t h a t  t he  a t t e n u a t i o n  r a t e  of t h e  v e r t i c a l l y  inc iden t  

homogeneous wave i s  w i t h i n  40 p e r  cent  and 60 p e r  cen t  of t h e  r a t e  f o r  

inhomogeneous waves having e l e v a t i o n  ang le s  of 45 degrees and 10 degrees,  

r e s p e c t i v e l y .  H i s  r e s u l t s  were published by H e l l i w e l l  [1965].  These 

c a l c u l a t i o n s  a r e  s e n s i t i v e  t o  azimuth, and f o r  most azimuthal ang le s  the  

d i f f e r e n c e s  between t h e  homogeneous and inhomogeneous c a s e s  a r e  consider-  

ably less than  s t a t e d  above. He l l iwe l l  [1965] p o i n t s  out t h a t  although 

t h e  assumption of homogeneous waves obviously in t roduces  a r a t h e r  l a r g e  

e r r o r ,  it is probably not  l a r g e r  than t h e  e r r o r s  produced by dev ia t ions  

from t h e  ionosphere models employed. 

C. DIVERGENCE LOSS 

In  t h e  f i r s t - approx ima t ion  model, divergence loss  was determined b y  

assuming t h a t  t h e  ray d i r e c t i o n  was confined e x a c t l y  t o  the  f i e l d  l i n e ,  

Therefore ,  t h e  divergence l o s s  was determined by the  geometr ical  spreading 

of t h e  f i e l d .  T h i s  assumption w i l l  now be reviewed, and o t h e r  methods of 

determining divergence l o s s  considered. 

F i r s t ,  t h e  ray t r a c i n g  program of Smith and Edgar discussed i n  Chapter 

I11 w i l l  be used t o  determine a l l  poss ib l e  ray pa ths  t o  a given OGO-I 

l o c a t i o n ,  and t h e  r e s u l t s  u t i l i z e d  t o  determine divergence loss  of t he  

s i g n a l .  Next, t h e  divergence lo s s  f o r  t h i s  same s a t e l l i t e  l o c a t i o n  w i l l  

be determined by a comparison of data  from OGO-I and OGO-11. The l o s s  
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i n d i c a t e d  by each of t h e s e  methods w i l l  t hen  be compared t o  t h e  divergence 

loss i n d i c a t e d  by simple geometr ical  spreading of t h e  geomagnetic f i e l d .  

I n  choosing t h e  OGO-I l o c a t i o n  t o  which t h e  above methods a r e  t o  be 

appl ied,  1100 UT t o  1120 UT on 17 February 1965 was s e l e c t e d  f o r  two 

important reasons.  

1. The f o o t  of t h e  f i e l d  l i n e  during t h i s  time i s  c l o s e  t o  NFG (wi th in  
1 kkm), and t h e  s a t e l l i t e  i s  a t  a modest a l t i t u d e  (approximately 
7.6 kkm a t  1100 UT and approximately 12.7 kkm a t  1120 UT). Under 
these cond i t ions  t h e r e  can be l i t t l e  u n c e r t a i n t y  about where the  
s i g n a l s  p e n e t r a t e  t h e  ionosphere.  

2. The path of t h e  f o o t  of t h e  f i e l d  l i n e  i n  t h e  Northern hemisphere 
during t h i s  time i n t e r v a l  i n t e r s e c t s  t h e  path of t h e  f i e l d  l i n e  
foo t  f o r  r evo lu t ion  76 of OGO-I1 on 20 October 1965. 

Item ( 2 )  above i s  h igh ly  s i g n i f i c a n t  s i n c e  such a rendezvous i n  space 

between the two s a t e l l i t e s  provides  t h e  f i r s t  known measurement of a c t u a l  

divergence loss of whistler-mode s i g n a l s .  With OGO-I1 a t  approximately 

1 kkm (above a l l  s i g n i f i c a n t  abso rp t ion  as shown i n  Fig. 93 ) ,  and OGO-I 

on t h e  same f i e l d  l i n e  but a t  an a l t i t u d e  of more t h a n  one e a r t h  r ad ius ,  

t h e  d i f f e r e n c e  i n  i n t e n s i t y  of t h e  two measurements would be almost 

wholly a t t r i b u t a b l e  t o  divergence i f  t h e  rendezvous had coincided i n  time 

a s  w e l l  as  i n  space.  Unfortunately,  t h e  i n t e r s e c t i o n  of t h e  f o o t  of t h e  

f i e l d  l i n e  p a t h s  occurs f o r  daytime (approximately 1700 LMT) f o r  OGO-I1 

and night t ime (approximately 0200 LMT) f o r  OGO-I. Nevertheless ,  t h e  

r e s u l t s  shown i n  Fig. 92 provide day-night d i f f e r e n c e s  i n  t o t a l  abso rp t ion  

by which the two measurements may be r e l a t e d  and divergence loss determined, 

1. Ray Tracing 

Ray t r a c i n g  was c a r r i e d  out  u s i n g  t h e  d i f f u s i v e  equ i l ib r ium model 

of e l e c t r o n  d e n s i t y  [Angerami, 19661 which seems t o  f i t  w h i s t l e r  d a t a  b e s t  

i n s i d e  the knee." The model u t i l i z e d  a base d e n s i t y  of 10,000 e l / c c  a t  

1,000 lun, a temperature of 1600 K, and a composition of 50% oxygen, 

25% hydrogen and 25% helium. 

1 1  

0 

The manner i n  w h i c h  ray t r a c i n g  i s  used t o  determine divergence 

loss w i l l  now be discussed. A t  1100 UT on 17 February 1965, OGO-I was a t  

t h e  l o c a t i o n  shown i n  Fig. 94. Beginning a t  t h i s  s a t e l l i t e  l o c a t i o n ,  a 

wave normal angle  is assumed w i t h  r e s p e c t  t o  t h e  r a d i u s  vec to r ,  and t h e  

r ay  t r a c i n g  program u t i l i z e d  t o  t r a c e  t h e  r a y  backwards towards the  e a r t h ,  
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I n  t h i s  manner t h e  l a t i t u d e  a t  which t h i s  wave must be launched i s  

determined. The program s u p p l i e s  many important parameters a long the  

ray path inc lud ing  t h e  wave normal d i r e c t i o n  and t h e  l a t i t u d e  a t  t h e  

launch po in t .  

wave normal d i r e c t i o n s  a t  t h e  s a t e l l i t e .  

Table 7 shows some of t h e s e  parameters f o r  a v a r i e t y  of 

For t h e  d i f f u s i v e  equi l ibr ium model, t h e  magnitude of t h e  r e f r a c t i v e  

index i s  found t o  be on t h e  o r d e r  of 10 t o  20 f o r  he igh t s  of 200 t o  300 km. 

From Fig.  95, a simple S n e l l ' s  law s o l u t i o n  shows t h a t  for graz ing  incidence 

of t h e  wave below t h e  boundary, t h e  d i r e c t i o n  of t h e  wave normal above the  

boundary ( 6  ) must be l e s s  t han  approximately 5.7 degrees.  L 

,20° 

- IO0 

GEOCENTRIC DISTANCE ( k k m )  

FIG, 94. DIVERGENCE I N  THE MAGNFTIC MERIDIAN AS OBTAINED BY TRACING 

The l a t i t u d e s  and wave-normal angles  of 
PAIRS OF RAYS FROM A HEIGHT OF 250 KM TO THE OGO-I SATELLITE LOCA- 
TION ON 17 FEBRUARY 1965. 
each r a y  p a i r  a r e  shown i n  Table 8.  
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TABLE 7. LAUNCH POINT CHARACTERISTICS FOR A VARIETY OF WAVE 
NORbIAL DIRECTIONS AT THE SATELLITE (OGO-I) FOR 1100 UT 17 
FEBRUARY 1965. b and 6, a r e  measured clockwise from the  
r ad ius  v e c t o r  t o  t h e  wave normal a t  t h e  s a t e l l i t e  and a t  t h e  
launch po in t ,  r e s p e c t i v e l y .  q L  is measured clockwise from 
the  magnetic f i e l d  v e c t o r  (B ) t o  t h e  wave normal a t  the  

0 launch p o i n t .  

-10 

-5 

I Wave Normal Di rec t ion  I Launch Po in t  

26 2 49.1 

274 47.1 

A l t i t u d e  Mag. Lat. 
(degrees)  

I a t  t:e S a t e l l i t e  
6 (degrees) 

11 

12 

3 26 46.5 

321 47.3 

46.1 

~ 

13 

14 I 

3 19 48.1 

321 49.1 
~ ~ 

15 

16 

3 26 49.9 

231 51.2 
~- - ~~ 

17 

18 

19 

20 

30 

&L 

(degrees )  

24 5 52.3 

26 2 53.4 

28 5 54.5 

312 55.6 

28 1 63.3 

-48.5 

-39.9 

-29.8 

-18.3 
~ - 

-7.4 

-4.5 
~~~ 

-2.24 

0.04 

2.34 

4.69 

6.8 

8 . 9  

11.2 

13.5 

16.2 

40.1 
- 

(degrees)  

-71.9 

-56.3 

-45.4 

-33.1 

-29.9 

-27.1 

-24.1 

-21.1 -i -18.1 

-15.1 

-12.1 
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TRANSMITTED f WAVE 

INCIDENT 

WAVE IONOSPHERE 

L .  I I 

52 50 40 46 44 EARTH 1 
NPG MAGNETIC LATITUDE (degrees) 

FIG. 95. GEOMETRICAL RELATIONSHIPS OF TKE INCIDENT AND TRANSMITTED 
WAVES, THE EARTH'S MAGNETIC FIELD (H ) AND THE RADIUS VECTOR (R ) 
AT THE LAUNCH POINT. 
and the  t r a n s m i t t e d  wave a t  t h e  launch po in t .  
between H and t h e  t r a n s m i t t e d  wave a t  t h e  launch p o i n t ,  

0 
SL is  t h e  ang!?.e between t h e  r a d i u s  v e c t o r  

$L is  t h e  angle 

0 

n s i n  8 = n2 s i n  6 

1 

1 

and n = 10 
2 

f o r  n = 1 

0 6 = 5.7 L 

(7.12) 

e l imina te s  a s  p h y s i c a l l y  r e a l i z a b l e  
6L T h i s  maximu? value f o r  

p o s s i b i l i t i e s  a l l  of t h e  Table 7 wave normal ang le s  a t  t h e  s a t e l l i t e  

except  for 11 through 15 degrees.  

Note t h a t  t h e  magnetic l a t i t u d e  of NPG (54O) is higher  t han  the  

l a t i t u d e  of t h e  launch point  of each of t h e  remaining waves. Hence, t he  

geomet r i ca l  r e l a t i o n s h i p s  of the  inc iden t  and t r a n s m i t t e d  waves, the 

e a r t h ' s  magnetic f i e l d ,  and t h e  rad ius  vec to r  a r e  a s  shown i n  Fig.  95. 

Since the  ang le  of r e f r a c t i o n  ( 6  ) for t h i s  cond i t ion  can not be l e s s  

t h a n  0 , it  i s  seen from Fig.  95 t h a t  the wave normal of t h e  t r a n s m i t t e d  

wave must l i e  t o  t h e  r i g h t  of t h e  radius  vec to r ,  and 

T h i s  c o n d i t i o n  and 12' of Table 7, 

and a l lows  one t o  draw t h e  conclusion t h a t  wave normals a t  t h e  s a t e l l i t e  

f o r  t h i s  l o c a t i o n  must p rope r ly  l i e  between 13 

L 
0 

6, must be p o s i t i v e .  
0 

e l i m i n a t e s  wave normal angles  of 11 

0 and 1 5 O .  

I t  should be noted t h a t  t h i s  r e s u l t ,  al though not yet an i n d i c a t i o n  

of divergence loss, is  valuable  s ince  i t  d e f i n e s  a small r eg ion  a t  an 
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a l t i t u d e  of approximately 250 km where a wave must p e n e t r a t e  t h e  ionosphere 

i n  o r d e r  t o  reach the  s a t e l l i t e .  The above r e s u l t s  and Table 7 show t h a t  

the pene t r a t ion  po in t  must l i e  w i th in  a magnetic l a t i t u d e  range of 48.1 

t o  49.9 degrees. To launch a wave which w i l l  h i t  t h e  s a t e l l i t e  a t  any 

o t h e r  l a t i t u d e  r e q u i r e s  wave normal ang le s  which a r e  not allowed by t h e  

r e s t r a i n t s  d i scussed  above. Th i s  r e s u l t  modif ies  t h e  f i r s t - approx ima t ion  

model c a l c u l a t i o n s  f o r  both absorpt ion and ear th- ionosphere waveguide 

loss ,  s ince  t h e r e  i t  w a s  assumed t h a t  t h e  whistler-mode wave is always 

launched a t  t he  f o o t  of t h e  f i e l d  l i n e .  For t h e  above example the  foo t  

of t he  f i e l d  l i n e  i s  a t  55.1 magnetic l a t i t u d e ,  while t h e  a c t u a l  pene- 

t r a t i o n  point must have been between approximately 48 and 50 . T h i s  

reduces the ear th- ionosphere waveguide d i s t a n c e  (d ) from 496 km t o  

approximately 400 km. From Figs .  91 and 92, it  is seen t h a t  t h i s  change 

i n  p e n e t r a t i o n  p o i n t  l a t i t u d e  w i l l  r e s u l t  i n  approximately 6 db more ab- 

s o r p t i o n ,  but approximately 4 db l e s s  ear th- ionosphere waveguide loss t han  

i n d i c a t e d  by the  f i r s t - approx ima t ion  c a l c u l a t i o n s .  Although t h i s  does not 

appear t o  be a h igh ly  s i g n i f i c a n t  point  f o r  t h i s  example, i t  does become 

more s i g n i f i c a n t  f o r  path geometry r e l a t e d  t o  o t h e r  s a t e l l i t e  l o c a t i o n s .  

For i n s t ance ,  a t  1120 UT t h e  f o o t  of t h e  f i e l d  l i n e  i s  a t  65.1 , but t h e  

pene t r a t ion  p o i n t  a s  i n d i c a t e d  by t h e  above techniques i s  a t  approximately 

59O. This r e s u l t s  i n  a r educ t ion  i n  ear th- ionosphere waveguide d i s t a n c e  

from approximately 1.8 kkm t o  approximately 1 kkm, a f a c t o r  which causes  

6 t o  8 db l e s s  ear th- ionosphere waveguide loss t han  i n d i c a t e d  by t h e  

f i rs t -approximation model. Note i n  Fig.  35 t h a t  t h e  f i e l d  s t r e n g t h  as 

c a l c u l a t e d  by t h e  f i r s t - approx ima t ion  model is more than  15 db below the  

peak measured value a t  1120 UT. T h i s  d iscrepancy i s  reduced by 6 t o  8 db 

when the  above r e s u l t s  a r e  considered. 

0 

0 0 

e 

0 

Once the l a t i t u d e  and wave normal ang le  r e q u i r e d  of a wave t o  h i t  t he  

s a t e l l i t e  has been determined, i t  is an easy m a t t e r  t o  determine t h e  

divergence loss. This  is accomplished as  fol lows.  
0 

Table 7 shows t h a t  a wave launched v e r t i c a l l y  ( \=  0 ) and a t  a 

magnetic l a t i t u d e  of 47O would be expected t o  pas s  below t h e  S a t e l l i t e .  

A wave launched v e r t i c a l l y  a t  a l a t i t u d e  of 49 would be expected t o  pass  

above t h e  s a t e l l i t e .  Th i s  is indeed t h e  c a s e  a s  v e r i f i e d  by t h e  ray 

t r a c i n g  program f o r  t he  s a t e l l i t e  p o s i t i o n  a t  1100 UT shown by ray p a i r  

0 
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# 1 i n  Fig.  94. 

a magnetic l a t i t u d e  of 47O w i l l  have a s l i g h t l y  l a r g e r  angle  of r e f r a c t i o n  

( 6  ) t han  t h e  ray e n t e r i n g  a t  49 , t h i s  d i f f e r e n c e  i n  angle  i s  very smal l  

( u s u a l l y  less than 0.2 ), and t h e  error in t roduced  by assuming p a r a l l e l  

wave normals may be neglec ted .  

and p a i r  # 4 i n  Table 8 shows t h a t  the wave normal d i r e c t i o n  may vary a s  

much a s  +1 from t h e  v e r t i c a l  before  t h e  divergence loss  i s  changed by  

approximately 1 db. The r a y  t r a c i n g  program a l s o  shows t h a t  t he  e r r o r  

i n  divergence l o s s  in t roduced  by varying t h e  s e p a r a t i o n  ( i n  l a t i t u d e )  between 

t h e  launch p o i n t s  by only  a few degrees  i s  only a smal l  f r a c t i o n  of a 

db and may be neglec ted  (compare p a i r  # 2 and p a i r  # 3 of Table 8 ) .  

Although t h e  r a y  f r o m  NPG which e n t e r s  t he  ionosphere a t  

0 

0 
L 

For  example, a comparison of p a i r  # 1 

0 
- 

Universa l  Time 
and Ray P a i r  

# 1  

# 2  

Number 

dl d2 Divergence 
Loss 

bL R1 R2 
La t i tude  of 
Launch Po in t  
(degrees)  (degrees)  km km km h (db) 

6620 14003 230 732 8 . 3  
47 
49 0 

49 
51 4 6620 14003 230 749 8 .5  

TABLE 8. DIVERGENCE LOSS AS INDICATED BY TRACING PAIRS OF 
RAYS TO THE N O - I  SATELLITE LOCATION ON 17 FEBRUARY 1965. 
See F igs ,  95 and 96 f o r  t h e  d e f i n i t i o n  of symbols. 

1100 UT 

1120 UT 
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The procedure by which the  divergence l o s s e s  shown i n  Table 8 a r e  

ob ta ined  from t he  ray t r a c i n g  program w i l l  now be explained. 

By t r a c i n g  a p a i r  of waves ( r ay  # 1 and ray 4 2) launched a t  s l i g h t l y  

d i f f e r e n t  l a t i t u d e s ,  t h e  d i s t a n c e  d2 i n  F i g ,  96 i s  obtained.  The d i s -  

t ance  

d i s t a n c e  depends on t h e  d i f f e r e n c e  i n  l a t i t u d e  between t h e  launch po in t  

of r a y  # 1 and r a y  # 2 .  

Is determined by comparing t h e  r a t i o  of d2 t o  dl. The divergence i n  

t h e  t h i r d  dimension is  included by assuming t h a t  t he  waves w i l l  spread 

l o n g i t u d i n a l l y  a s  t h e  r a t i o  of t h e  g e o c e n t r i c  d i s t a n c e  t o  250 km (R ) t o  

t h e  geocen t r i c  d i s t a n c e  t o  t h e  s a t e l l i t e  (R ). T h i s  assumption impl i e s  t h a t  

i n  t h e  t h i r d  dimension t h e  r ays  a l l  l i e  i n  the  magnetic mer id i ana l  planes.  

i . e . ,  we a r e  assuming f i e l d  l i n e  divergence i n  t h e  t h i r d  dimension. 

i s  c a l c u l a t e d  f o r  an a l t i t u d e  of 250 km. The magnitude of t h i s  
dl 

The amount of divergence i n  t h e  magnetic meridian 

1 

2 

N 

I RAY ' 7  

S 

FIG.96 . TO ILLUSTRATE THE MANNER I N  WHICH RAY TRACING AND 
E&, (7.13) ARE UTILIZED TO DETERMINE DIVERGENCE LOSS. R1 = 
geocen t r i c  d i s t a n c e  t o  a height  of 250 km (6720 k m ) ;  R2 - 

= l a t i t u d i n a l  geocen t r i c  d i s t a n c e  t o  t h e  s a t e l l i t e ;  
d i s t ance  i n  km between t h e  launch po in t  of t h e  two r ays  
a t  a he igh t  of 250 km; d = l a t i t u d i n a l  d i s t a n c e  i n  km 
between t h e  two rays a t  $he s a t e l l i t e  he igh t  a s  determined 
by r a y  t r a c i n g .  

- 

dl 

S EL-6 6 - 094 - 166 - 



The divergence loss may then  be w r i t t e n  a s  

The r e s u l t s  of t h e  above procedure f o r  a v a r i e t y  of wave normal a n g l e s  

and launch po in t  l a t i t u d e s  a r e  shown i n  Fig.  94,  and a r e  summarized i n  

Table 8. 

2 .  Measured Divergence 

The divergence l o s s  f o r  t h e  OGO-I s a t e l l i t e  p o s i t i o n  used i n  t h e  

above examples w i l l  now be determined by a comparison of OGO-I and OGO-II 

da ta .  

A t  1058 UT (m 0300 L&lT) on 17 February 1965, t h e  f o o t  of the f i e l d  

l i n e  pas s ing  through OGO-I w a s  a t  a magnetic l a t i t u d e  of 53 degrees and 

a long i tude  of -119 degrees.  A t  1007 U T  (=1700 LMT) on 20 October 1965 

t h e  f o o t  of t h e  f i e l d  l i n e  pas s ing  through OGO-I1 w a s  a t  a magnetic 

l a t i t u d e  of 50 degrees and a longi tude of -119 degrees ( s e e  Fig. 60).  

The r a y  t r a c i n g  r e s u l t s  i n d i c a t e  t h a t  t h e  s i g n a l s  reaching OGO-I i n  t h i s  

r eg ion  a c t u a l l y  p e n e t r a t e  the ionosphere a t  a l a t i t u d e  s l i g h t l y  lower 

than  t h e  l a t i t u d e  of t h e  f o o t  of t h e  f i e l d  l i n e .  Therefore ,  i t  appears 

r easonab le  t o  compare t h e  measured da ta  of OGO-I and OGO-I1 a t  t h e  above 

t imes  and cons ide r  t h e  d i f f e r e n c e  as a measurement of divergence l o s s .  

Reference t o  Figs .  35 and 61 show t h a t  t he  f i e l d  i n t e n s i t i e s  

from NPG a s  measured by OGO-I and OGO-I1 a t  t h e s e  t imes were approximately 

-43 dby and -50 dbY, r e spec t ive ly .  From Fig.  92, i t  is  seen t h a t  a t  a 

l a t i t u d e  of 50  degrees t h e  d i f f e r e n c e  between daytime and n igh t t ime  t o t a l  

a b s o r p t i o n  i s  approximately 15 db. This  f a c t o r  must be used t o  normalize 

t h e  d a t a  be fo re  the  two measurements a r e  compared. One assmcs t h a t  if 

t h e  OGO-I1 measurement had been made a t  n i g h t  r a t h e r  than i n  t h e  daytime 

reduced abso rp t ion  would have r e s u l t e d  i n  a measured value approximately 

15 db higher .  The expected nighttime value would be -50 + 15 = -35 db. 

The d i f f e r e n c e  expected between two daytime measurements would 

t h e r e f o r e  be 43 db (OGO-I) - 35 db (OGO-11) = 8 db. Since OGO-I1 w a s  

above a l l  s i g n i f i c a n t  absorpt ion,  t h i s  8 db d i f f e r e n c e  must be p r imar i ly  
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due t o  divergence of t he  wave. 

I t  i s  now i n s t r u c t i v e  t o  compare t h e  values  ob ta ined  f o r  divergence 

loss  by each of t h e  methods o u t l i n e d  i n  t h i s  s e c t i o n .  These comparisons 

a r e  shown i n  Table 9. 

1100 

TABLE 9. DIVERGENCE LOSS AS INDICATED BY SEVERAL DIFFERENT 
METHODS FOR OGO-I ON 17 FEBRUARY 1965. 

Ray t r a c i n g  8 . 3  

Geometrical  spreading ( f i r s t - .  9 .5  
approximat ion  mode 1 ) 

OGO-I and OGO-I1 measurements 8.0 

Universal  Time 

Ray t r a c i n g  

Method Used 

11.4 

Divergence Loss 
(db 1 

Geometrical  spreading ( f i rs t -  
approximation model) 

13.7 
1120 

A s  shown i n  Table 9 divergence l o s s e s  c a l c u l a t e d  by r a y  t r a c i n g  

and by the  geometr ical  sp read ing  assumption of t h e  f i r s t - approx ima t ion  

model a r e  i n  good agreement ( m  2 db).  The c l o s e  agreement between t h e  

measured divergence loss and t h e  r e s u l t s  of t h e s e  c a l c u l a t i o n s  i s  a l s o  

demonstrated i n  Table 9. 

The r e s u l t s  of t h i s  c h a p t e r  have been u t i l i z e d  t o  r e - c a l c u l a t e  

f i e l d  i n t e n s i t i e s  expected a t  OGO-I l o c a t i o n s .  These va lues  a r e  p l o t t e d  

as  t h e  dash-dot l i n e s  i n  F igs .  34 through 44. 

The dash-dot l i n e s  i n  F igs .  56 through 8 9  r e p r e s e n t  c a l c u l a t i o n s  

for OGO-I1 l o c a t i o n s  based on the  r e s u l t s  of t h i s  c h a p t e r .  
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V I I I .  NEW OBSERVATIONS 

I n  the  course of analyzing t h e  data  from t h e  OGO s a t e l l i t e s  i n  o r d e r  

t o  study whistler-mode propagat ion,  s e v e r a l  new phenomena have been 

discovered. These new obse rva t ions  a r e  now p resen ted  and a r e  descr ibed 

i n  a s  much d e t a i l  a s  i s  p o s s i b l e  w i t h  t h e  a v a i l a b l e  d a t a .  

While much remains t o  be learned about t h e s e  new d i s c o v e r i e s ,  c e r t a i n  

important f e a t u r e s  of each a r e  s u f f i c i e n t l y  we l l  def ined t o  warrant 

r e p o r t i n g  a t  t h i s  time. 

Discussions of t he  s i g n i f i c a n c e  and p o s s i b l e  i n t e r p r e t a t i o n  of t h e s e  

phenomena a r e  p re sen ted  i n  Chapter I X .  

A. LATITUDINAL CUTOFF OF WHISTLER-MODE SIGNALS 

One of t h e  important new d i s c o v e r i e s  of t h i s  r e sea rch  i s  t h e  abrupt 

l a t i t u d i n a l  c u t o f f  of whistler-mode propagat ion observed by CEO-11. T h i s  

i s  b e s t  i l l u s t r a t e d  by Figs .  47, 48, and 8 5  where s i g n a l  i n t e n s i t i e s  from 

both NPG and NAA decrease more than  4 0  db as the  s a t e l l i t e  moves from 

approximately 59 t o  60  no r the rn  geomagnetic l a t i t u d e .  Th i s  phenomenon 

is  a l s o  w e l l  i l l u s t r a t e d  by Figs .  61, 69, 77, 79, and 87. This  abrupt  

c u t o f f  has been observed during both n igh t t ime  (= 0400 LMT) and daytime 

(z 1600 LMT) hours,  but h a s  only been observed i n  t h e  Northern hemisphere, 

and on ly  during w i n t e r  months. There i s  some evidence t h a t  the cu to f f  i s  

s h a r p e r  and more pronounced during the  daytime, and when t h e  geomagnetic 

p l a n e t a r y  K index i s  high. It  is  important t o  no te  t h a t  most of t h e  

d a t a  f o r  t h i s  s tudy  were taken during October 1965 with only l i m i t e d  da ta  

(from t h e  SP t e l e m e t r y )  a v a i l a b l e  f o r  t h e  summer months. The major 

f e a t u r e s  of t h i s  Northern hemisphere l a t i t u d i n a l  c u t o f f  a r e  shown i n  

Table 10. 

0 0 

P 

D o  not confuse t h e  cu to f f  discussed above with t h e  cu to f f  i n  t h e  

Southern hemisphere such a s  shown i n  Figs .  71, 73, 75, 83, and 89. I n  

t h e  Southern hemisphere t h e  NFG and NAA s i g n a l s  r ece ived  i n  t h e  s a t e l l i t e  

a r e  i n t e r p r e t e d  a s  a r r i v i n g  by whistler-mode propagat ion v i a  a f i e l d  l i n e  

p a t h  from t h e  Northern hemisphere. Hence t h i s  cu to f f  may be explained 

i n  terms of t h e  e l e c t r o n  gyrofrequency cu to f f  [Smith, 1960a] o r  [Smith 

and Br i ce ,  19641. The cu to f f  l a t i t u d e  (determined by t h e  minimum e l e c t r o n  
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TABLE 10. MAJOR FEATURES OF THE NORTHERN HEMISPHERE LATITUDINAL 
CUTOFF OF NPG AND NAA SIGNALS OBSERVED BY OGO-11. 

~ 

10 

14 

20 

20 

12 

32 

18 i 

Approx 

1600 

App ror  

04 00 

Rev. 
No. 

_I_ 

74 

75 

76 

1 06 

107 

122 

125 

126 

130 

132 

105 

106 

123 

125 

126 

127 

134 

- 

Northern MLAT 
Where Cutoff 
Begins (deg rees )  

72 

62 

55 

73 

73 

63 

50 

57 

59 

53 

50 

69 

60 

57 

40 

50 

63 

Northern MLAT 
Where S i g n a l s  
Last  Observed 

(degrees)  

76 

75 

59 

77 

77 

72 

54 

61 

60 

56 

64 

74 

72 

61 

50 

58 

73 

Decrease i n  
F i e l d  I n t e n s i t y  
Over t h e  Cutoff 
Range (db) 

o+ 
O f  

O+ 

l o  

l o  

3+ 

40 

3+ 

30 

4- 

17 

20 

32 

15 

30 

15 

25 

24 

40 

40 

0 

lo 

3+ 

40 

3f 

4- 

2+ 

gyrofrequency along t h e  pa th )  of s i g n a l s  r ece ived  i n  t h e  Southern hemisphere 

i s  of major importance s i n c e  t h i s  w i l l  i n d i c a t e  whether or not t h e  s i g n a l s  

were ducted. For example, i f  c u t o f f  Occurs f o r  a minimum e l e c t r o n  gyro- 

frequency (f ) of approximately 36 kHz ( f / f  s 0.5) t h e n  i t  i s  obvious 

t h a t  we a re  s e e i n g  ducted s i g n a l s ,  and good suppor t  is thereby given t o  

t h e  duct cutoff  theory proposed by Smith [1960a, 196lb] or Smith, e t  a1 

[1960], On t h e  o t h e r  hand i f  c u t o f f  Occurs f o r  much l a r g e r  r a t i o s  of 

f / f H  then w e  assume t h a t  a )  t h e  s i g n a l s  a r e  not  ducted,  or b)  t h e  

s i g n a l s  a r e  not a r r i v i n g  v i a  d u c t s  which t e r m i n a t e  immedately overhead. 

HO HO 

0 
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Table 11 shows the  s t r i k i n g  f e a t u r e s  of t h e  Southern hemisphere cu to f f  

of NFG and NAA s i g n a l s  observed by OGO-11. Note t h a t  18 kHz whistler-mode 

s i g n a l s  a r e  c o n s i s t e n t l y  received i n  the  Southern hemisphere a t  l a t i t u d e s  

corresponding t o  an f 

ducted overhead; howeve? they  could come from d u c t s  a t  lower l a t i t u d e s .  

Carpenter  and Dunckel [1965] have observed whistler-mode s i g n a l s  which 

reach a given r eg ion  v i a  a p r e f e r r e d  low- la t i t ude  path over  the equator  

and which then  spread over  a l a t i t u d e  range of as much a s  10  a t  1,000 km. 

They suggest  t h a t  t h e s e  s i g n a l s  a r e  poss ib ly  due t o  leakage or spreading 

from t h e  base of a lower l a t i t u d e  duct, and perhaps a r e  evidence of propa- 

g a t i o n  t r a n s v e r s e  t o  t h e  magnetic f i e l d .  Carpenter ,  e t  a1 E19641 have 

r e p o r t e d  s i m i l a r  phenomena. 

of l e s s  than 36 kHz. These s i g n a l s  can not be 
H 

0 

Regardless of whether or not t h e  s i g n a l s  i n  t h e  present  study a r e  

ducted, i t  i s  c l e a r  t h a t  the magnetospheric p o r t i o n  of t h e  path can not 

i nvo lve  r eg ions  where f / f H  3 1.0. Using t h e  c e n t e r e d  d ipo le  approximation 

f o r  t h e  e a r t h ’ s  f i e l d ,  an e g u a t o r i a l  gyrofrequency of 18 kHz occurs  a t  a 

magnetic l a t i t u d e  of approximately 56 . Therefore  the  numerous OGO-I1 

s i g n a l s  of Table 11 which were received a t  Southern magnetic l a t i t u d e s  

h i g h e r  than 56 must have en te red  the ionosphere a t  lower l a t i t u d e s  and 

t h e n  propagated poleward t o  t h e  s a t e l l i t e .  

0 

0 

I n  gene ra l  ( a s  shown by Table 11) s i g n a l s  a r e  normally observed a t  

s i g n i f i c a n t l y  h i g h e r  Southern l a t i t u d e s  during n igh t t ime  than  during 

daytime . 

B. OBSERVATION OF INTENSE NOISE 

Many d i s t i n c t  t ypes  of v l f  noise  observed by s a t e l l i t e s  a r e  not 

observed on t h e  ground. 

One type involves  a no i se  band which dec reases  i n  frequency t o  a 

minimum then  r i s e s  again.  T h i s  noise has been r e f e r r e d  t o  by  Stanford 

r e s e a r c h e r s  a s  the saucer” phenomenon, I n  t h e  rayspan records,  t h i s  

n o i s e  t y p i c a l l y  l a s t s  f o r  a few seconds, ar.d cove r s  s e v e r a l  kHz. 

I t  

Another type of n o i s e  i s  q u i t e  impulsive i n  s p e c t r a l  form w i t h  f r e -  

quenc ie s  of maximum i n t e n s i t y  t h a t  f l u c t u a t e  r a p i d l y .  T h i s  no i se  i s  

broadband i n  n a t u r e ,  has a continuously varying lower frequency c u t o f f ,  
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TABLE 11. MAJOR FEATURES OF THE SOUTHERN HEMISPHERE CUTOFF OF 
NPG AND NAA SIGNALS OBSERVED BY OGO-11. 

LMT 
(hours)  

Approx 

16 00 

Approx 

0400 

Rev. 
No. 

74 

75 
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74 

75  
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Southern MLAT 
Where S i g n a l s  are  
Last  Observed 

(degrees)  

63 

53 

60 

58 
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55 

40 

44 

50 

54 

60  

66 

67 

58 

77 

67 

59 

59 

57 

56 

61 

58 

57 

57 

59 

K 
P 

o+ 
(H 

20 

0 

l o  

3+ 

3+ 

4- 

4- 

4- 

2+ 

o+ 

o+ 

20 

0 

l o  

3+ 

3+ 

40 

40 

3+ 

4- 

4- 

4- 

2+ 
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S a t e l l i t e  
l e i g h t ,  H 
(km) 

1199 

1363 

1524 
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1496 
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1452 
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~ 

793 
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88 2 
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1027 
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1050 

1074 

773 

1149 

946 

1032 

98 6 

1127 

3.9 

27.0 

9 . 1  

11 .5  

9 .1  

20.0 

100.0 

60.0 

42.0 

23.0 

9 .1  

2.4 

1.8 

11.5 

0.071 

1.85 

9.4 

9.4 

14.0 

20.0 

7.7 

11.5 

14 .0  

14.0 

9.4 



and cove r s  a frequency range of many kHz. T h i s  i n t e n s e  no i se  a s  observed 

by OGO-I1 is i l l u s t r a t e d  i n  Figs .  79, 81 and 83. The s p e c t r a l  p r o p e r t i e s  

of t h e  no i se  a r e  shown i n  t h e  rayspan record of Fig.  55 where t h e  narrow- 

band v l f  r e c e i v e r  output  is  superimposed on t h e  output of t h e  broadband 

r e c e i v e r .  

A s  y e t  both types  of noise  a r e  unexplained. Both a r e  observed on t h e  

Aloue t t e  I and 11, In jun  111, and OGO-I1 s a t e l l i t e s .  

The second type of n o i s e  descr ibed above has been r e f e r r e d  t o  by 
11  I t  var ious  workers a s  impulsive noise ,"  "v l f  h i s s , "  and a u r o r a l  h i s s ; "  

t h e  l a t t e r  two terms appa ren t ly  being used i n  a d i f f e r e n t  context  than 

t h e  convent ional  v l f  h i s s  and a u r o r a l  h i s s  which h a s  been observed €or 

many y e a r s  on t h e  ground, I n  t h e  present  work t h i s  noise  has s i m p l y  been 

r e f e r r e d  t o  a s  " i n t e n s e  noise .  Since a n a l y s i s  of t hese  no i ses  i s  now 

underway i t  appears  b e s t  t o  r e f r a i n  from a t t a c h i n g  any o t h e r  name a t  the 

p r e s e n t  time. 

11 

From t h e  narrowband r e c e i v e r s  used i n  t h i s  s tudy,  i t  i s  not p o s s i b l e  

t o  d e f i n e  t h e  spectrum of t h e  in t ense  noise .  The spectrum must be s t u d i e d  

w i t h  d a t a  from t h e  broadband r ece ive r .  However, s e v e r a l  important f e a t u r e s  

of t h e  no i se  a r e  de f ined  by t h e  narrowband data .  For in s t ance ,  t h e s e  d a t a  

i n d i c a t e  t h a t  when t h e  no i se  i s  present  i t  t ends  t o  e x i s t  i n  t he  form of 

a r i n g ,  or band, around t h e  p o l a r  regions,  and not a s  a p o l a r  cap. The 

width of t h e  r i n g  i s  u s u a l l y  from 3 t o  1 0  degrees  i n  l a t i t u d e .  T h i s  i s  

i l l u s t r a t e d  i n  Figs .  8 2  and 8 3  where t h e  fol lowing sequence of even t s  

occur  as t h e  s a t e l l i t e  makes one complete r e v o l u t i o n  of t h e  e a r t h .  

1. 

2 .  

3 .  

4 .  

5 .  

Between 50° and 60° Northern geomagnetic l a t i t u d e  i n  t h e  Western 
hemisphere s i g n a l s  from NAA c u t o f f .  

J u s t  beyond t h e  cu to f f  t h e r e  i s  a q u i e t  region. 

A t  approximately 67 the  s a t e l l i t e  e n t e r s  t h e  r i n g  of i n t e n s e  no i se .  
T h i s  n o i s e  p e r s i s t s  for approximately 12O. A t  approximately 75O t h e  
s a t e l l i t e  l eaves  t h e  no i se  r ing and s e e s  a q u i e t  region,  void of both 
n o i s e  and NAA s i g n a l s .  T h i s  q u i e t  region appears  t o  e x i s t  i n  t h e  
form of a p o l a r  cap. 

A s  t h e  s a t e l l i t e  f l i e s  a c r o s s  t h e  Northern p o l a r  cap and heads south- 
ward i n t o  t h e  Eastern hemisphere, i t  aga in  e n t e r s  t he  r i n g  of i n t e n s e  
no i se  a t  approximately 73'. 
approximately loo. 
A t  approximately 63 t h e  s a t e l l i t e  emerges from t h e  noise  r i n g  and 

0 

Here t h e  width of t h e  noise  r i n g  is  

0 
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s e e s  ano the r  q u i e t  region which precedes t h e  fade-in of NAA s i g n a l s  
a t  approximately 450. 

6. Signals  from NAA a r e  observed a c r o s s  t h e  Eastern hemisphere t o  southern 
magnetic l a t i t u d e s  of approximately 58O. 
NAA s i g n a l s  a s  t he  s a t e l l i t e  approaches t h e  NAA ant ipode.  ) 

(Note t h e  enhancement of 

7. Another q u i e t  region i s  observed j u s t  beyond t h e  fade-out of NAA 
s i g n a l s  a t  approximately 58 . 
A t  approximately 60° sou the rn  geomagnetic l a t i t u d e  the  s a t e l l i t e  
e n t e r s  a r i n g  of i n t e n s e  no i se  which p e r s i s t s  f o r  approximately 8'. 

0 

8. 

9. A t  approximately 70° t h e  s a t e l l i t e  l e a v e s  the no i se  r i n g  and s e e s  
no noise and no NAA s i g n a l s  ove r  t h e  Southern p o l a r  c a p  region i n  
e i t h e r  t h e  Eastern or Western hemisphere between magnetic l a t i t u d e s  
of approximately 70° and 86 . 
hemisphere i t  encounters  t h e  no i se  r i n g  a t  approximately 75O. Here 
t h e  in t ense  no i se  is  observed i n  a band about 5O wide. 

A t  approximately 65O t h e  s a t e l l i t e  emerges from t h e  n o i s e  r i n g  and 
s e e s  another  q u i e t  r eg ion  p r i o r  t o  t h e  f ade - in  of NAA s i g n a l s  a t  
approximately 50 sou the rn  geomagnetic l a t i t u d e .  The r e v o l u t i o n  i s  
now complete. 

0 

10. A s  the s a t e l l i t e  f l i e s  over t h e  South Pole and i n t o  the  Western 

11. 

0 

Although t h e  d a t a  from some r e v o l u t i o n s  show d e v i a t i o n s  from the  gene ra l  

p a t t e r n  i l l u s t r a t e d  above, t h i s  sequence of even t s  i s  i n  gene ra l  t y p i c a l  of 

t h e  l a t i t u d i n a l  p r o f i l e  of s i g n a l  and n o i s e  as t h e  s a t e l l i t e  t r a v e r s e s  i t s  

p o l a r  o r b i t .  

An extremely i n t e r e s t i n g  sequence concerning t h e  l o n g i t u d i n a l  p r o f i l e  

of t h e  in t ense  no i se  is shown by F igs .  76, through 83, where d a t a  a r e  

shown f o r  fou r  complete and success ive  s a t e l l i t e  r evo lu t ions .  A t t en t ion  

i s  d i r e c t e d  f i r s t  t o  Fig.  77 where t h e  i n t e n s e  no i se  reaches a maximum i n  

t h e  Northern hemisphere a t  approximately 70 magnetic l a t i t u d e  and a t  an 

e a s t e r n  longi tude of approximately 36 . On t h e  next  r e v o l u t i o n  (Fig.  79) 

t h e  s a t e l l i t e  i s  26O f u r t h e r  west but  i t  s t i l l  encounters  t h e  i n t e n s e  no i se  

peak a t  70 no r the rn  magnetic l a t i t u d e .  On t h e  next  two success ive  revolu- 

t i o n s  (F igs ,  8 1  and 8 3 )  although t h e  s a t e l l i t e  moves westward 26 with each 

r e v o l u t i o n ,  t h e  peak of t h e  i n t e n s e  no i se  r i n g  i s  always found a t  e s s e n t i a l l y  

t h e  same northern magnetic l a t i t u d e  (70 ). T h i s  sequence shows t h a t  over 

t h e  l a t i t u d e  range from approximately 40 e a s t  t o  approximately 4 0  West 

(and over  a time per iod of more than  5 hours )  t h e  peak of t h e  i n t e n s e  noise  

i n  t h e  Northern hemisphere p e r t i n a c i o u s l y  remained a t  70 magnetic l a t i t u d e .  

0 

0 

0 

0 

0 

0 0 

0 

SEL-66 -094 - 174 - 



An i n d i c a t i o n  of t h e  manner i n  which t h e  peak magnitude of t h e  no i se  

f l u c t u a t e s  i s  shown i n  a sequence of f i g u r e s  beginning w i t h  Fig. 73. Note 

i n  Fig.  73 t h a t  t h e  r i n g  of no i se  around t h e  South magnetic pole i s  

extremely i n t e n s e ,  reaching a peak amplitude of -50 dby on both t h e  

Western and Eastern hemisphere s ides  of t h e  e a r t h .  On t h e  next r e v o l u t i o n  

(Fig.  75),  t h e  n o i s e  r i n g  (around the  South Po le )  s t i l l  e x i s t s ,  but i t s  

amplitude has decreased by a t  l e a s t  10 db. On t h e  next r e v o l u t i o n  (Fig.  77)  

t h i s  no i se  r i n g  has  experienced a dramatic decrease of approximately 30 db. 

On t h e  next  r e v o l u t i o n  (Fig.  79), t he  n o i s e  h a s  j u s t  a s  d rama t i ca l ly  r i s e n  

by more than 30 db and remains a t  a high l e v e l  through the next two revolu- 

t i o n s  (Fig.  8 1  and Fig.  8 3 ) .  Although t h e r e  i s  evidence t h a t  t he  i n t e n s e  

no i se  is more l i k e l y  t o  be observed during magnet ical ly  d i s t u r b e d  per iods 

than  du r ing  magnet ical ly  q u i e t  per iods ( s e e  Table 1 2 )  f l u c t u a t i o n s  i n  t h e  

n o i s e  magnitude noted above can not be explained by f l u c t u a t i o n s  i n  t h e  

K index. During t h e  pe r iod  of i n t e r e s t  the 3-hour K i n d i c e s  remained 

between 3-f- and 40. 
P P 

Major f e a t u r e s  of t h e  i n t e n s e  noise  discussed i n  t h i s  s e c t i o n  a r e  shown 

i n  Table 12. 

C.  ANTIPODAL ENHANCEMENTS 

On s e v e r a l  occasions OGO-I1 h a s  flown nea r  t h e  ant ipode of NAA and N E  

and has  observed pronounced s i g n a l  enhancements i n  t h e s e  regions.  An 

example of NFG a n t i p o d a l  enhancement is  shown by F igs .  49 and 63 .  The 

l o c a t i o n s  of t h e  ant ipode and t h e  s u b s a t e l l i t e  p l o t  a r e  shown i n  Fig.  62.  

Note i n  Fig.  63  t h a t  when t h e  s a t e l l i t e  is  w i t h i n  200 km of t h e  ant ipode,  

( a t  an a l t i t u d e  of approximately 1,000 km) NPG s i g n a l  i n t e n s i t i e s  a r e  a s  

high as -80 dby. 

sou th  of the ant ipode,  and a t  l e a s t  10 db h ighe r  than any s i g n a l s  observed 

w i t h i n  4,000 km t o  t h e  no r th  of t h e  ant ipode.  

T h i s  i s  approximately 25 db h ighe r  than s i g n a l s  observed 

Another good i l l u s t r a t i o n  of NFG an t ipoda l  enhancement i s  shown i n  

F ig .  8 7 ,  where t h e  s a t e l l i t e  passes  wi th in  approximately 1,000 km of t h e  

an t ipode .  Here s t r o n g  NpG s i g n a l s  a r e  observed ove r  a l a t i t u d e  range of 

approximately - + 5 O  from t h e  ant ipodal  maximum. Only noise  e x i s t s  a t  

g r e a t e r  d i s t a n c e s  on e i t h e r  s i d e .  
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TABLE 12. MAJOR FEATURES OF THE INTENSE 18 kHz NOISE OBSERVED BY 
OGO-11. The width of t h e  no i se  band i s  de f ined  a s  t h e  width ( i n  
degrees l a t i t u d e )  6 db below t h e  peak i n t e n s i t y .  O n l y  those  noise  
peaks with magnitude >’ -95 dby a r e  shown, 
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Note i n  F igs .  63 and 87 t h a t  t h e  s a t e l l i t e  s e e s  t h e  maximum enhance- 

ment a t  50° and 49O sou the rn  magnetic l a t i t u d e s ,  r e s p e c t i v e l y ,  although 

the  N I X  ant ipode i s  a t  54O magnetic l a t i t u d e .  I f  whistler-mode s i g n a l s  

a r e  e x c i t e d  a t  low a l t i t u d e s  ( t h e  lower boundary of t h e  ionosphere)  a t  

54 by t h e  a n t i p o d a l  enhancement, and subsequent ly  propagate up t h e  f i e l d  

l i n e s ,  one would expect t o  s e e  t h e s e  s i g n a l s  a t  a lower l a t i t u d e  (% 50 ) 

a t  a he igh t  of 1,000 km. T h i s  is  p r e c i s e l y  what i s  i n d i c a t e d  by the  da t a .  

0 

0 

On two o t h e r  occasions t h e  s a t e l l i t e  passed n e a r  t h e  NPG ant ipode,  as  

shown i n  F igs .  59 and 61. I n  Fig.  59, where t h e  s a t e l l i t e  passes  wi th in  

approximately 1600 k m  of t h e  antipode, a s m a l l  enhancement i s  aga in  

observed a t  50 sou the rn  magnetic l a t i t u d e .  However, i n  Fig.  61 no enhance- 

ment i s  seen, although t h e  s a t e l l i t e  f l i e s  w i t h i n  1100 km of t he  antipode. 

T h i s  i s  not s u r p r i s i n g  when one notes  t h a t  on t h i s  p a r t i c u l a r  pass the 

s a t e l l i t e  saw only a few s c a t t e r e d  NKi s i g n a l s  throughout t h e  Eastern 

hemisphere. 

0 

Antipodal enhancements of NAA s i g n a l s  a r e  shown i n  Figs .  57, 81, 83, 

and p o s s i b l y  i n  Fig.  89. An i n t e r e s t i n g  f e a t u r e  of t h e  NAA enhancements 

is the  f a c t  t h a t  they seem t o  be observed a t  lower l a t i t u d e s  than  would be 

expected. For i n s t a n c e ,  i n  Fig.  81 an enhancement of more than  20 db is  

seen  a t  a sou the rn  magnetic l a t i t u d e  of approximately 39 . I n  Fig.  57, 

a 12  db enhancement i s  Seen a t  approximately 45 . The magnetic l a t i t u d e  

of t h e  NAA ant ipode i s  56'. 

0 

0 

The s a t e l l i t e  a l t i t u d e  i s  approximately 

1,000 km. 

Figure  81 i l l u s t r a t e s  ano the r  i n t e r e s t i n g  phenomenon. It  appears 

l i k e l y  t h a t  t h e  high i n t e n s i t y  NAA s i g n a l s  observed i n  t h e  Northern hemisphere 

a t  a magnetic l a t i t u d e  of approximately 44 r ep resen t  whistler-mode s i g n a l s  

which were e x c i t e d  i n  t h e  Southern hemisphere by t h e  20 db an t ipoda l  

enhancement a t  39 . 

0 

0 

D. EQUATORIAL DIP 

Another new discovery,  observed f o r  t h e  f i r s t  time i n  t h e  d a t a  from 

OGO-11, i s  t h e  pronounced drop i n  N E  and NAA f i e l d  i n t e n s i t y  over  t h e  

magnetic equator .  T h i s  e q u a t o r i a l  dip h a s  been observed on e s s e n t i a l l y  

every OGO-11 r e v o l u t i o n  where d a t a  were ob ta ined .  Seen a t  a l l  l ong i tudes ,  
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both  dayt.ime and n ight t ime,  t h e  drop i n  i n t e n s i t y  i s  more pronounced dur ing  

daytime hours. The magnitude of t h e  e q u a t o r i a l  d ip  i s  t y p i c a l l y  12 t o  20 db 

dur ing  t h e  daytime, and 5 t o  10 db dur ing  t h e  n ight t ime.  Th i s  phenomenon 

i s  w e l l  i l l u s t r a t e d  i n  F igs .  63,  65, 67, and 87.  

Since  a l l  s i g n a l s  i n  t h i s  s tudy a r e  i n t e r p r e t e d  a s  having reached t h e  

s a t e l l i t e  v i a  whistler-mode propagat ion,  t he  e q u a t o r i a l  d i p  observed i n  

t h e  d a t a  was not  unexpected. A s  a m a t t e r  of f a c t ,  f i e l d  s t r e n g t h  c a l c u l a -  

t i o n s  based on t h e  r e f i n e d  whistler-mode model of Chapter  V I 1  i n d i c a t e  t h a t  

t h e  e q u a t o r i a l  d ip  should  be even more pronounced than  shown by t h e  

measurements. 

Since the  e q u a t o r i a l  d i p  i s  p red ic t ed  by e x i s t i n g  theory ,  and t h i s  

d i p  i s  i n  f a c t  s e e n  by t h e  s a t e l l i t e ,  t h e  d a t a  a r e  a c l e a r  i n d i c a t i o n  t h a t  

t h e  s i g n a l s  do indeed reach  t h e  s a t e l l i t e  v i a  t h e  whistler-mode. 

E. TERMINAL REGION BURSTS 

One of t h e  most puzz l ing  obse rva t ions  of t h i s  s tudy  concerns t h e  

p e c u l i a r ,  unexplained t e rmina l  reg ion  b u r s t  phenomenon observed by OGO-I 

and shown i n  F igs .  10, 11, 12, 13, and 43. Figure  10 shows s i g n a l s  f r o m  

NFG gradual ly  f ad ing  out  a s  OGO-I reaches  an a l t i t u d e  of approximately 

12,500 km. However, a s  t h e  s a t e l l i t e  moves t o  h ighe r  a l t i t u d e s  (F ig .  11) 

i n t e n s e  b u r s t s  of h ighly  d i s c r e t e  s i g n a l s  (one may e a s i l y  read the  Morse 

code i n  t h e  b u r s t s )  a r e  observed. 

I n  F ig .  12, which covers  a t i m e  p e r i o d  of  t w o  and one ha l f  minutes ,  no 

d i sce rnab le  s i g n a l s  from NPG a r r i v e d  a t  t h e  s a t e l l i t e ,  a l though NPG was 

t r ansmi t t i ng  c o n t i n u a l l y  dur ing  t h i s  t i m e .  

I n  F ig .  13, one f i n a l  d i s c r e t e  b u r s t  of s i g n a l  from NFG i s  observed 

j u s t  be fo re  t h e  s a t e l l i t e  w a s  commanded i n t o  a tape-playback mode, ending 

t h e  real- t ime record.  

I f  one assumes t h i s  phenomenon t o  be a s p a t i a l  v a r i a t i o n  (perhaps 

important  new evidence of duc ts" )  t hen  t h e  b u r s t s  of s i g n a l  ( i n  F ig .  11) 

a r e  separa ted  i n  space by d i s t a n c e s  of approximately 30 km minimum t o  more 

than  400 km maximum, 

10 km t o  30 km. 

1 1  

The width of t h e  "ducts"  would be on t h e  o r d e r  of 

It should be noted t h a t  t h e r e  is on ly  a few db d i f f e r e n c e  i n  t h e  peak 
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ampli tude of each of t h e  b u r s t s .  This i s  not  t y p i c a l  of f ad ing ,  and would 

suggest  t h a t  t h e  phenomenon is  more l i k e l y  due t o  a loss  mechanism. 

F. FADING OF WHISTLER-MODE SIGNALS 

Data f r o m  OGO-I and OGO-I1 have provided some i n t e r e s t i n g  new obse rva t ions  

concerning t h e  i n t e n s i t y  and frequency of f ad ing  of whistler-mode s i g n a l s .  

Fading i s  b e s t  s t u d i e d  dur ing  per iods  of  CW (key-down) t ransmi.ss ions from 

t h e  v l f  t r a n s m i t t e r s ;  however, t h e s e  pe r iods  a r e  very in f r equen t  i n  t h e  

CGO da ta .  The longes$ key-down per iods  a r e  shown i n  F igs .  18 through 22 

f o r  OGO-I and i n  F i g s ,  52, 53, and 54 f o r  O W - 1 1 .  Each of t h e s e  records  

was ob ta ined  from t h e  SP te lemet ry  system whose bandwidth i s  s u f f i c i e n t  t o  

f a i t h f u l l y  pas s  f ad ing  r a t e s  a s  high a s  s e v e r a l  hundred c y c l e s  p e r  second. 

T h i s  i s  approximately an o rde r  of magnitude h ighe r  t han  any f a d i n g  r a t e s  

observed,  hence i t  is be l i eved  t h a t  t h e  f a d i n g  p a t t e r n s  shown he re  a r e  

genuine.  

I n  F igs .  18, 19, 20, and p a r t  of F ig .  21, NFG i s  sending a s p e c i a l  

"FM" p u l s e  schedule .  

f i g u r a t i o n ,  bu t  t h e  center-frequency of t h e  c a r r i e r  i s  swept l i n e a r l y  i n  

t ime from 18.55 kHz t o  18.65 kHz every t w o  seconds.  S ince  t h e  r e c e i v e r  has  

a 500 Hz bandwidth t h i s  frequency s h i f t  of t h e  c a r r i e r  should not produce 

any observable  change i n  amplitude a t  t h e  r e c e i v e r  ou tput .  Sometimes (but  

n o t  always) t h e  sudden 100 Hz change i n  c a r r i e r  frequency does produce a 

sudden change i n  amplitude of t h e  NFG whistler-mode s i g n a l  a t  t h e  s a t e l l i t e .  

T h i s  p o s s i b l y  i n d i c a t e s  f r equency- se l ec t iv i ty  of t h e  whistler-mode pa ths  

t o  t h e  s a t e l l i t e .  Except f o r  t hese  sudden changes i n  amplitude which a r e  

unques t ionably  r e l a t e d  i n  some manner t o  t h e  s h i f t  i n  c a r r i e r  frequency, 

t h e  most r ap id  and i n t e n s e  f ad ing  observed i n  t h e  OGO-I r eco rds  appears  

t o  be  on t h e  o r d e r  of 20 db i n  approximately one f o u r t h  of a second. The 

s a t e l l i t e  p o s i t i o n a l  parameters  f o r  F igs .  18 through 22 a r e  shown i n  F i g .  44 

where t h e s e  d a t a  are  p l o t t e d .  

I n  t h i s  mode, t h e  t r a n s m i t t e r  i s  i n  a key-down con- 

Typ ica l  f ad ing  p a t t e r n s  of low-a l t i tude  whistler-mode s i g n a l s  r ece ived  

by OGO-11 a r e  shown i n  F igs .  52, 53, and 54.  Figure  53 i l l u s t r a t e s  some of 

t h e  deepes t  and t h e  most r ap id  fad ing  observed by OGO-11, where 20 db f ad ings  

a t  t h e  r a t e  of 10 or more per  second a r e  common. Figure 54 i l l u s t r a t e s  a 
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case  where t h e  f a d i n g  p a t t e r n s  observed by OGO-I1 a r e  much slower and have 

e s s e n t i a l l y  t h e  same c h a r a c t e r i s t i c s  a s  those observed by OGO-I (shown i n  

F igs .  18 through 22).  

G. CYCLOTRON ABSORPTION 

I n  general ,  v l f  i n t e n s i t i e s  measured by OGO-I exceed t h e  c a l c u l a t e d  

i n t e n s i t i e s .  However, a t  0107 UT on 24 November, 1964 (Fig.  34) measured 

i n t e n s i t i e s  from OGO-I were more than 40 db below t h e  c a l c u l a t e d  value.  

The s a t e l l i t e  p o s i t i o n  a t  t h e  time of t h i s  obse rva t ion  was such t h a t  

c y c l o t r o n  absorpt ion appears t o  be a p o s s i b l e  cause of t he  discrepancy 

between t h e  measurements and t h e  c a l c u l a t i o n s .  

Cyclotron abso rp t ion  is  a mechanism t o  account f o r  t h e  abso rp t ion  of 

energy from a wave by p a r t i c l e s  i n  a c o l l i s i o n - f r e e  plasma, and corresponds 

t o  Landau damping, with t h e  major d i f f e r e n c e  being t h a t  t h e  resonant par- 

t i c l e s  absorb energy from t h e  wave i n  a plane pe rpend icu la r  t o  the  d r i f t  

motion of the p a r t i c l e s  a long t h e  magnetic f i e l d .  The abso rp t ion  of energy 

from the  wave is l a r g e  when a l a r g e  number of p a r t i c l e s  have s t reaming 

v e l o c i t i e s  such t h a t  the Doppler-shif ted frequency of t h e  wave a s  "seen" 

by t h e  p a r t i c l e s  equals  t h e  p a r t i c l e  gyrofrequency i n  magnitude and sense.  

Guthart  [1964] has considered a n i s o t r o p i c  e l e c t r o n  d i s t r i b u t i o n s  t h a t  

allow cyc lo t ron  abso rp t ion  t o  be used a s  the  phys ica l  mechanism t o  e x p l a i n  

t h e  observed upper cu to f f  frequency of w h i s t l e r s .  

The data  shown i n  F igs .  34 and 41  appear t o  be t h e  only evidence from 

OGO-I where c y c l o t r o n  abso rp t ion  may have been observed. 
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I X  . INTERPRETATIONS AND CONCLUSIONS 

I n  t h i s  chap te r  we cons ide r  f i r s t  t he  c o n t r i b u t i o n s  of t h e  main body 

of t h i s  research t o  a b e t t e r  understanding of whistler-mode propagation. 

The importance of t h e s e  c o n t r i b u t i o n s  w i l l  be e s t a b l i s h e d .  Next t he  new 

obse rva t ions  w i l l  be reviewed and var ious mechanisms suggested which might 

l e a d  t o  p o s s i b l e  exp lana t ions .  

I n  each of t h e  new obse rva t ions  the re  i s  only a l i m i t e d  amount of 

data .  I n  some c a s e s  no mechanism i s  a v a i l a b l e ,  and i n  o t h e r s  the f a c t o r s  

needed f o r  properly checking out proposed mechanisms a r e  lacking.  However 

i t  is  f e l t  t h a t  i n  each case  t h e  observat ion i t s e l f  i s  important and 

w a r r a n t s  r e p o r t i n g  a t  t h i s  time, even though we a r e  not i n  a p o s i t i o n  t o  

e s t a b l i s h  f i rm  exp lana t ions .  The phenomena a l l  remain open f o r  f u r t h e r  

s tudy,  and t h e  au tho r  s o l i c i t s  both c o n s t r u c t i v e  c r i t i c i sm and new i d e a s  

r ega rd ing  p o s s i b l e  exp lana t ions .  

A. THE EARTH IONOSPHERE WAVEGUIDE LOSS 

I n  Chapter V I I ,  we d i scussed  t h e  two ionosphe r i c  models and the  r a t e s  

of ear th- ionosphere waveguide loss as  developed by Crary and by Allcock 

We a l s o  d i scussed  t h e  r e s u l t s  of a survey made by Davies and p resen ted  

h i s  a t t e n u a t i o n  ra tes .  

It  was pointed out  t h a t  t h e  a t t e n u a t i o n  r a t e s  of Allcock and Crary a r e  

approximately t h e  same f o r  d i s t a n c e s  up t o  3 or 4 kkm. However a t  l a r g e r  

d i s t a n c e s  t h e  r a t e s  d i f f e r  markedly. Allcock shows an ear th- ionosphere 

waveguide a t t e n u a t i o n  r a t e  of about 3 db/klun between 4 and 5 kkm, t h e  

d i s t a n c e s  a t  which h i s  c a l c u l a t i o n s  terminate .  C r a r y ' s  r a t e s  a r e  sub- 

s t a n t i a l l y  h ighe r ,  being approximately 8 db/kkm between 5 and 7 kkm. 

X e i t h e r  Crary nor  Allcock considered azimuthal dependency. 

The r e s u l t s  of t h e  Davies survey showed t h a t  (1) t h e  n o s t  f avorab le  

p ropaga t ion  c o n d i t i o n s  f o r  a s i g n a l  of frequency between 15 and 20 kHz 

occur  for west- to-east  propagat ion over s ea  a t  n i g h t .  The a t t e n u a t i o n  r a t e  

under t h e s e  c o n d i t i o n s  ( a f t e r  removing the loss due t o  t h e  e f f e c t s  of two 

dimensional sp read ing)  i s  about 1 db/kkm. ( 2 )  The maximum a t t e n u a t i o n  r a t e  

f o r  t h i s  frequency range occurs  f o r  a land path from east-to-west during 
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d a y l i g h t  and i s  approximately 3.5 t o  4 db/kkm (exc lus ive  of l o s s e s  due t o  

two dimensional sp read ing) .  

T h e  OGO-I d a t a  show r e l a t i v e l y  good agreement w i t h  t he  r a t e s  shown by 

Allcock and Crary t o  d i s t a n c e s  of 3 or 4 kkm but i n d i c a t e  t h a t  t h e  r a t e  

shown by Crary f o r  d i s t a n c e s  g r e a t e r  t han  5 kkm a r e  too  high. There i s  

a l s o  good evidence i n  t h e  d a t a  t h a t  t h e  minimum r a t e  (west- to-east ,  over  

sea a t  n igh t )  suggested by Davies i s  reasonable.  Support f o r  t h e  above 

s t a t emen t s  is  shown throughout t h e  OGO-I d a t a  bu t  most emphat ical ly  per-  

haps i n  Fig,  34 between t h e  hours of 0149 and 0203 UT. During t h i s  time 

i n t e r v a l ,  the l o c a t i o n  of t h e  f o o t  of t h e  f i e l d  l i n e  pas s ing  through the  

s a t e l l i t e  moved almost due e a s t  a c r o s s  t h e  A t l a n t i c  Ocean from NAA. 

E s s e n t i a l l y  a l l  of t he  ear th- ionosphere waveguide path was ove r  s e a  water  

f o r  t he  e n t i r e  i n t e r v a l ,  Local time a t  t h e  f o o t  was approximately midnight 

and propagation was from west- to-east ;  c o n d i t i o n s  w h i c h  according t o  Davies 

should minimize t h e  ear th- ionosphere waveguide loss. It i s  easy t o  norm- 

a l i z e  o u t  the e f f e c t s  of spreading and abso rp t ion  du r ing  t h i s  i n t e r v a l  ( s ee  

Chapter V I I ) .  When t h i s  i s  done one o b t a i n s  a measured ear th- ionosphere 

waveguide a t t e n u a t i o n  r a t e  of approximately 2.7 db/kkm. Removing t h e  

e f f e c t s  of two dimensional spreading,  t h e  r a t e  becomes approximately 

1 . 7  db/kkm. T h i s  r a t e  compares very f avorab ly  w i t h  t h e  minimum r a t e  of 

approximately 1 db/kkm repor t ed  by Davies, but unfavorably with C r a r y ' s  

r a t e  of a t  l e a s t  6 db/kkm ( a f t e r  two dimensional spreading e f f e c t s  a r e  

removed). 

I t  i s  important t o  n o t e  a t  t h i s  po in t  t h a t  t h e  l a r g e  discrepancy between 

measured and c a l c u l a t e d  i n t e n s i t i e s  on t h e  t a i l  end of t he  23 November 1964 

run (Fig.  34) is t h u s  e a s i l y  explained i f  one u s e s  i n  t h e  c a l c u l a t i o n s  t h e  

earth-ionosphere waveguide a t t e n u a t i o n  r a t e s  publ ished b y  previous au tho r s .  

e .g . ,  Wait [1962] r e p o r t s  t h a t  i n  the  band of frequency from 10 kHz t o  

30 kHz, t he  a t t e n u a t i o n  r a t e s  (determined expe r imen ta l ly )  vary from approxi- 

mately 1 . 0  db/kkm t o  4.5 db/kkm, and t h a t  t h e s e  r a t e s  a r e  i n  good accord 

wi th  theory i f  e a r t h  cu rva tu re  is accounted for i n  t h e  c a l c u l a t i o n s .  

Although u n c e r t a i n t i e s  i n  t h e  no rma l i za t ion  p rocess  and i n  t h e  s c a l i n g  of 

r eco rds  probably in t roduce  s i z e a b l e  e r r o r s ,  i t  i s  c l e a r  from Table 6 t h a t  

i n  gene ra l  the OGO d a t a  a r e  i n  agreement wi th  t h e  above. 
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Another important conclusion i s  the f a c t  t h a t  t h e  l a r g e  f l u c t u a t i o n s  

of f i e l d  s t r e n g t h  versus  d i s t a n c e  i n  Cra ry ' s  c a l c u l a t i o n s  (Fig.  27) a r e  

not observed i n  t h e  OGO da ta .  F luc tua t ions  of t h i s  magnitude (on the 

o r d e r  of 20 db) a r e  observed, b u t  they seldom c o r r e l a t e  i n  d i s t a n c e  w i t h  

Fig.  27. Allcock 's  r e s u l t s  show t h a t  t h e  s c a l e  of t h e  i n t e r f e r e n c e  p a t t e r n  

i s  l e s s  t han  t h a t  shown by Crary. Allcock concludes t h a t  t h e  undulat ions 

i n  t h e  i n t e r f e r e n c e  p a t t e r n  a r e  small ,  and t h a t  t h e  gene ra l  t r end  of t h e  

v a r i a t i o n  w i t h  d i s t a n c e  can u s e f u l l y  be found by p l o t t i n g  the  r m s  value 

of t h e  r e s u l t a n t  f i e l d  s t r e n g t h  

The OGO d a t a  support  t h i s  conclusion;  however, a d d i t i o n a l  i n v e s t i g a t i o n  

would be u s e f u l .  It  seems p o s s i b l e ,  f o r  i n s t a n c e ,  t h a t  i f  t h e  l a r g e  

v a r i a t i o n  of f i e l d  s t r e n g t h  w i t h  d i s t ance  does indeed e x i s t  j u s t  above the  

boundary, o t h e r  f a c t o r s  might prevent t h e  observance of t h i s  phenomenon 

by t h e  s a t e l l i t e s .  It  appears  reasonable t h a t  s c a t t e r i n g  of t he  waves a t  

lower r eg ions  i n  t h e  ionosphere could tend t o  

v a r i a t i o n s ,  thereby p reven t ing  t h e i r  being observed by t h e  s a t e l l i t e s .  

Perhaps rocke t s  o r  a s a t e l l i t e  f l y i n g  a t  minimum a l t i t u d e s  could check 

t h i s  hypothesis .  

1 
[C(E, d / 2 ] 2 ,  a s  a f u n c t i o n  of d i s t a n c e .  

7 

l t  smear out" t h e  l a r g e  

B. DIVERGENCE LOSS 

I n  Chapter V I 1  divergence l o s s e s  were determined by ray t r a c i n g .  These 

r e s u l t s ,  when compared t o  t h e  OGO data,  g ive  s t r o n g  support  f o r  t h e  ray 

t r a c i n g  model t h a t  was used. Agreement w i t h i n  1 or 2 db was found between 

t h e  divergence l o s s  a s  i n d i c a t e d  by  ray t r a c i n g ,  by simple geometr ical  

sp read ing  ( a s  used i n  t h e  f i r s t  approximation model) and by d i r e c t  measure- 

ment. An i n t e r e s t i n g  r e s u l t  i s  t h e  f a c t  t h a t  t he  divergence l o s s  i n d i c a t e d  

by ray t r a c i n g  i s  1 or  2 db l e s s  than t h e  divergence l o s s  i n d i c a t e d  by 

g e o a e t r i c a l  spreading. T h i s  r e s u l t  would i n d i c a t e  t h a t  divergence loss 

i s  s l i g h t l y  g r e a t e r  f o r  a ducted than f o r  a non-ducted s i g n a l .  

An i n t e r e s t i n g  and u s e f u l  extension of t h i s  divergence loss s tudy 

would be t o  ray t r a c e  i n  a model ionosphere con ta in ing  duc t s .  T h i s  would 

p rov ide  information concerning t h e  e f f e c t  of a duct  on wave normal angles  

which might be very u s e f u l  i n  developing an accep tab le  exp lana t ion  of t h e  

t e r m i n a l  region b u r s t  phenomenon. 

- 183 - SEL-65-094 



I n  t h e  meantime, t he  r e s u l t s  of  Chapter  V I 1  c l e a r l y  show t h a t  f o r  

propagat ion i n  an  ionosphere con ta in ing  no d u c t s  a very good approximation 

f o r  determining divergence l o s s  is  t o  assume t h a t  t he  v l f  s i g n a l s  propagate  

e x a c t l y  along t h e  l i n e s  of f o r c e  of t h e  e a r t h ' s  magnetic f i e l d .  Using 

t h i s  assumption, t h e  l i m i t i n g  cone f o r  t h e  r a y  d i r e c t i o n  is de f ined  

simply by the  geometr ica l  spreading  of t h e  geomagnetic f i e l d .  

It should be no ted  t h a t  w e  would expect  t o  f i n d  t h e  same spreading  loss  

f o r  ducted s i g n a l s ,  s i n c e  t h e  c r o s s  s e c t i o n  of  a duct  would also be de f ined  

b y  t h e  geometr ica l  spreading  of t h e  geomagnetic f i e l d .  

I n  a d d i t i o n  t o  t h e  c o n t r i b u t i o n s  concerning t h e  ear th- ionosphere 

waveguide loss  and divergence loss a s  d i scussed  above, t h e  main body of 

t h i s  research  has  provided another  very s i g n i f i c a n t  r e s u l t .  Th i s  r e sea rch  

has  demonstrated t h a t  i n  gene ra l  one should be a b l e  t o  p r e d i c t  t h e  average 

i n t e n s i t y  of v l f  whistler-mode s i g n a l s  i n  t h e  magnetosphere t o  wi th in  an 

accuracy of + 10 db by e x i s t i n g  theory.  There a r e  i n s t a n c e s  i n  t h e  OGO-I 

d a t a  where t h e  c a l c u l a t e d  and measured i n t e n s i t i e s  d i f f e r  by more than  10 

db; however e s s e n t i a l l y  a l l  of t h s s e  d i s c r e p a n c i e s  may be expla ined  by 

reasonable  arguments based on e i t h e r  t h e  new obse rva t ions  from OGO-11, o r  

on r e l a t e d  phenomena a l r eady  r epor t ed  i n  t h e  l i t e r a t u r e .  F u r t h e r  d i s c u s s i o n  

of t h i s  c o n t r i b u t i o n  w i l l  appear  i n  S e c t i o n  J a f t e r  t h e  new obse rva t ions  

from OGO-I1 have been d iscussed .  

- 

C . LATITUDINAL CUTOFF OF WHISTLER-MODE SIGNALS 

The high l a t i t u d e  cu to f f  of  v l f  s i g n a l s  i s  an exper imenta l ly  observed 

f a c t  of cons iderable  s i g n i f i c a n c e .  This  phenomenon i s  excep t iona l ly  

i n t e r e s t i n g  because of  ( a )  i t s  impact on p o s s i b l e  communication schemes; 

(b)  t h e  p o s s i b i l i t y  t h a t  i t  r ep resen t s  new evidence of some phenomenon 

i n  t h e  ionosphere not  even p red ic t ed ,  and ( c )  t h e  ques t ions  which a r i s e  

i n  a t tempting t o  exp la in  i t s  cause.  

A s  noted i n  Chapter  V I I I ,  t h i s  abrupt  cu to f f  has  been observed dur ing  

both daytime (e 1600 LMT) and n ight t ime (FZ 0400 L,MT) hours.  However, t h e  

c u t o f f  is sharper  and more pronounced dur ing  t h e  daytime. The maximum 

observed drop i n  s i g n a l  i n t e n s i t y  i s  40  db. 

daytime over  a l a t i t u d e  range of  no more than  2 beginning a t  59 n o r t h  

T h i s  occurred  during t h e  
0 0 
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magnet ic  l a t i t u d e .  Based on averages from Table  10 t h e  daytime cu to f f  

t y p i c a l l y  begins  a t  6 1  no r th  magnetic l a t i t u d e  and produces a drop i n  

s i g n a l  i n t e n s i t y  of about 26 db over  a l a t i t u d e  range of 5O. 

cu to f f  t y p i c a l l y  begins  a t  56 no r th  magnetic l a t i t u d e  wi th  s i g n a l  i n t e n s i t y  

dropping by approximately 18 db ove r  a l a t i t u d e  range of 9 , 

0 

The n ight t ime 
0 

0 

The f a c t  t h a t  t h e  cu to f f  i s  more pronounced during daytime than  n ight -  

t i m e  seems t o  be of major importance i n  looking  f o r  a c a u s a t i v e  mechanism. 

T h i s  f a c t  might suggest  t h a t  t h e  phenomenon i s  c o n s i s t e n t  wi th  an absorp t ion  

explana t ion .  

One could  hypothesize t h a t  t h e  NV product  i n  t h e  D and E r eg ions  of 

t h e  ionosphere i n c r e a s e s  r a p i d l y  w i t h  l a t i t u d e  n e a r  t h e  cu to f f  region.  

The hypothes is  he re  i s  t h a t  ene rge t i c  p a r t i c l e s  a r e  coming i n t o  t h i s  

r eg ion  and producing more i o n i z a t i o n ,  and perhaps hea t ing  t h e  ionosphere 

caus ing  an i n c r e a s e  i n  co l l i s ion  frequency. Note t h e  va lues  here .  A 

p o l a r  b lackout  i n c r e a s e s  t h e  absorp t ion  ra te  i n  t h e  lower ionosphere by a 

f a c t o r  of about 4 f o r  daytime [He l l iwe l l ,  19651. We on ly  need a f a c t o r  of  

about  2 t o  e x p l a i n  40  db i n  t h e  daytime. 

Another f e a t u r e  o f  t h e  d a t a  which seems t o  suppor t  a n  absorp t ion  hypothes is  

is t h e  f a c t  t h a t  v l f  s i g n a l s  a r e  seldom observed a t  l a t i t u d e s  above t h e  

c u t o f f  reg ion .  The t y p i c a l  s igna l -no i se  p r o f i l e  versus  l a t i t u d e  i s  d i s -  

cussed  i n  Chapter  V I I I .  I t  i s  pointed out  t h a t  j u s t  above t h e  cu to f f  

l a t i t u d e  t h e r e  i s  a q u i e t  region.  T h i s  i s  fol lowed by a b e l t  of i n t e n s e  

18 kHz no i se  having a l a t i t u d i n a l  width of 3 t o  10 degrees ,  Above t h e  

n o i s e  l a t i t u d e  t h e  s a t e l l i t e  sees a q u i e t  region,  u s u a l l y  devoid of bo th  

no i se  and v l f  s i g n a l s .  Th i s  q u i e t  reg ion  i s  observed over  t h e  top  of t h e  

e a r t h  i n  t h e  form of a p o l a r  cap. On on ly  one occas ion  were vlf  s i g n a l s  

s e e n  a t  l a t i t u d e s  above t h e  cu to f f  region.  T h i s  occur red  during r evo lu t ion  

123 a s  shown i n  Figs .  72 and 73, when t h e  s a t e l l i t e  was a t  approximately 

73 n o r t h  magnetic l a t i t u d e  and 100 ( e a s t e r n )  longi tude .  Because of t h e  

l i m i t e d  q u a n t i t y ,  i n t e r p r e t a t i o n  of t h e s e  d a t a  i s  no t  c l e a r .  However, t h e  

f a c t  t h a t  NpG s i g n a l s  were observed a t  t h i s  l o c a t i o n  is  i n t e r e s t i n g .  One 

might assume t h a t  abso rp t ion  over the p o l a r  cap  reg ion  on t h i s  p a r t i c u l a r  

day w a s  unusua l ly  low; however t h e  K index  was not  s u b s t a n t i a l l y  d i f f e r e n t  

(3+)  from o t h e r  days when s i g n a l s  were no t  observed i n  t h i s  region.  Addi- 

t i o n a l  p o l a r  o r b i t i n g  s a t e l l i t e  measurements would be very u s e f u l .  

0 0 

P 

It i s  
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a l s o  p o s s i b l e  t h a t  measurements from high l a t i t u d e  ground s t a t i o n s  or 

from a i r p l a n e s  f l y i n g  a t  high l a t i t u d e s  would he lp  i n  t h e  s tudy of 

i n t e r p r e t a t i o n  of t h i s  obse rva t ion .  I n  the meantime t h e  g e n e r a l  absence 

of v l f  s i g n a l s  above t h e  c u t o f f  r eg ion  l ends  support  t o  t h e  abso rp t ion  

hypothesis .  

Another mechanism which should be considered a s  a p o s s i b l e  exp lana t ion  

of t h e  cutoff  is  t h e  abso rp t ion  of v l f  waves by e l e c t r o n  resonance. 

The temperature of the ionosphere a t  1,000 km i s  e s t ima ted  by most 
3 4 

workers t o  be of t h e  o r d e r  10 t o  10  degrees  Kelvin [ B e l l ,  1964; Bauer 

and Bourdeau, 19621. A t  t h i s  low temperature t h e  t y p i c a l  plasma p a r t i c l e  

has a mean v e l o c i t y  much less than  t y p i c a l  whistler-mode wave v e l o c i t i e s  

and t h e s e  p a r t i c l e s  can be considered t o  be a t  r e s t  i n i t i a l l y .  Consequently 

t h e  magnetoionic theo ry  ho lds  f o r  t h e  g r o s s  propagat ion c h a r a c t e r i s t i c s  of 

t he  wave and t h e  r e f r a c t i v e  index has t h e  usua l  r e a l  p a r t  

On t h e  o t h e r  hand, t h e r e  may be high energy e l e c t r o n s  i n  t h e  plasma 

a t  1,000 km (and below) due t o  p r e c i p i t a t i o n  from h ighe r  a l t i t u d e s .  These 

p a r t i c l e s  w i l l  probably be of low d e n s i t y  compared t o  t h e  ambient dens i ty  

a t  1,000 lun and w i l l  not a f f e c t  t h e  r e a l  p a r t  of t h e  r e f r a c t i v e  index. 

However, i t  i s  conceivable  t h a t  t h e  imaginary p a r t  of n could be a f f e c t e d  

s o  t h a t  t h e  propagat ion l o s s e s  a r e  inc reased  when t h e  high energy p a r t i c l e s  

a r e  p re sen t .  

The high energy e l e c t r o n s  can absorb energy from a v l f  wave by a t  

l e a s t  two resonance i n t e r a c t i o n s  [ S t i x ,  19621 : 

1. Gyroresonance, i n  which t h e  wave and p a r t i c l e s  move i n  o p p o s i t e  
d i r e c t i o n s  and i n  which t h e  p a r t i c l e  s e e s  a dopp le r - sh i f t ed  wave 
frequency equal  t o  i t s  own gyrofrequency. 

same d i r e c t i o n  and i n  which t h e  p a r t i c l e  s e e s  a dopp le r - sh i f t ed  wave 
frequency equal  t o  zero.  

2. Longi tudinal  resonance, i n  w h i c h  t h e  wave and p a r t i c l e s  move i n  t h e  

T.  F.  B e l l  [ p r i v a t e  communication] has considered each case  and found 

no b a s i s  f o r  a s i g n i f i c a n t  e f f e c t .  

Another p o i n t  may be made, It i s  not l i k e l y  t h a t  changes i n  e l e c t r o n  
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d e n s i t y  i n  t h e  upper ionosphere could exp la in  t h e  c u t o f f .  I t  i s  shown i n  

Chapter I11 t h a t  e l e c t r o n  d e n s i t y  a t  the s a t e l l i t e  would have t o  decrease 

by a f a c t o r  of 10 i n  o r d e r  t o  account f o r  a 20 db drop i n  measured s i g n a l  

i n t e n s i t y  due t o  impedance t ransformation e f f e c t s .  Whist ler  obse rva t ions  

have shown t h a t  t h e  e l e c t r o n  d e n s i t y  e q u a t o r i a l  p r o f i l e  e x h i b i t s  an abrupt 

decrease,  or "knee", a t  a geocen t r i c  d i s t ance  of about 4 e a r t h  r a d i i .  

However t h e  maximum va lue  of t h i s  abrupt decrease i s  approximately two 

o r d e r s  of magnitude and i s  be l i eved  t o  be cons ide rab ly  l e s s  f o r  t he  same 

L-value a t  a l t i t u d e s  of 1,000 km [Angerami, 19661. C e r t a i n l y  t h e r e  i s  no 

evidence t o  suggest  t h a t  abrupt decreases i n  e l e c t r o n  d e n s i t y  w i t h  l a t i t u d e  

e x i s t  on a s u f f i c i e n t l y  l a r g e  s c a l e  to  e x p l a i n  t h e  observed c u t o f f .  

4 

I n  t h i s  s e c t i o n  t h e  q u a l i t a t i v e  nature  of t h e  f a c t o r s  concerning the 

observed c u t o f f  have been presented.  Obviously no f i rm answer has been 

given. F u r t h e r  work w i l l  need t o  be done t o  determine an accep tab le  

exp 1 an a t  i on .  

D. ANTIPODAL ENHANCEMENTS 

The i n t e r p r e t a t i o n  of an t ipoda l  enhancements appears t o  be s t r a i g h t -  

forward. Because of t h e  s p h e r i c i t y  of t h e  e a r t h ,  vlf  waves propagat ing 

omni -d i r ec t iona l ly  i n  t h e  earth-ionosphere waveguide from a s h o r t  v e r t i c a l  

antenna on t h e  ground w i l l  meet a t  a f o c a l  po in t  on the  oppos i t e  s i d e  of 

t h e  e a r t h .  T h i s  f o c a l  p o i n t  i s  defined as t h e  ant ipode,  and may be l o c a t e d  

by pass ing  a s t r a i g h t  l i n e  through the c e n t e r  of t h e  e a r t h  from t h e  t r a n s -  

m i t t i n g  antenna. It  i s  apparent from t h e  d a t a  t h a t  t h i s  concen t r a t ion  of 

energy a t  t h e  ant ipode of the vlf  antenna i s  o f t e n  s u f f i c i e n t  t o  e x c i t e  

d e t e c t a b l e  whistler-mode waves. These waves then propagate up the  f i e l d  

l i n e  t o  t h e  s a t e l l i t e .  

The b e s t  i l l u s t r a t i o n  of an t ipoda l  enhancement i s  shown i n  F igs .  49 and 

63  where an enhancement f a c t o r  of approximately 25 db is  seen when the 

s a t e l l i t e  f l i e s  w i t h i n  200 !.un of t h e  ant ipode.  Numerous o t h e r  a n t i p o d a l  

enhancements have been observed ( these  a r e  discussed i n  Chapter V I I I )  but 

t h e  minimum d i s t a n c e  from t h e  s a t e l l i t e  t o  t h e  ant ipode i s  g r e a t e r  than 

f o r  t h e  above example and t h e r e f o r e  the enhancement f a c t o r s  a r e  l e s s  a s  

one would expect.  The d a t a  of Fig. 87 l e a d  t o  an e s t ima te  of t he  phys ica l  
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s i z e  of the enhancement region;  an enhancement f a c t o r  of about 12 db i s  

seen when the s a t e l l i t e  i s  approximately 1,000 km from t h e  ant ipode.  

Another i n t e r e s t i n g  obse rva t ion  d i scussed  i n  Chapter V I 1 1  concerns 

an enhancement seen both nea r  t h e  ant ipode and nea r  t h e  magnetic conjugate  

of t h e  antipode. The enhancement f a c t o r  nea r  t h e  conjugate  w a s  only 5 db 

l e s s  than the  enhancement nea r  t h e  ant ipode.  Admittedly, t h i s  i s  not 

very good d a t a  s i n c e  t h e r e  i s  not  very much of i t ,  but n e v e r t h e l e s s  t h e  

d a t a  a v a i l a b l e  i n d i c a t e  t h a t  an t ipoda l  enhancements e x c i t e  whistler-mode 

waves which then  propagate up t h e  f i e l d  l i n e s  and i n t o  t h e  oppos i t e  

hemisphere. 

E. INTENSE NOISE 

As mentioned e a r l i e r ,  s e v e r a l  o t h e r  r e s e a r c h e r s  have observed va r ious  

forms of noise which might be r e l a t e d  t o  t h e  i n t e n s e  no i se  observed here.  

These obse rva t ions  have been r e p o r t e d  ( i n  p r i v a t e  communications) by workers 

a t  t he  Universi ty  of Iowa; t he  Defence Research Telecommunications Estab- 

l ishment ,  Ottawa, Canada; and S tan fo rd  Un ive r s i ty .  

Barr ington and Belrose [ 19631 pub l i shed  s e v e r a l  r eco rd ings  of iono- 

s p h e r i c  noise observed by a 600 Hz t o  10 kHz bandwidth r e c e i v e r  aboard 

t h e  Alouette s a t e l l i t e .  The i r  r epor t  appears  t o  be t h e  f i r s t  mention i n  

the  l i t e r a t u r e  of ionosphe r i c  n o i s e  phenomena having c h a r a c t e r i s t i c s  

s i m i l a r  t o  the noise  observed i n  t h e  p re sen t  s tudy.  

Gurnet t  and O'Brien [1964] us ing  obse rva t ions  by t h e  In jun  111 s a t e l l i t e  

showed a c lose  a s s o c i a t i o n  between v l f  h i s s ,  au ro ra  and p a r t i c l e  p r e c i p i -  

t a t i o n .  Evidence was found t h a t  v l f  h i s s  i s  generated a t  and above t h e  

high l a t i t u d e  t r app ing  boundary f o r  40 Kev e l e c t r o n s  and t h a t  i t  c o r r e l a t e d  

with f l u x e s  of p r e c i p i t a t e d  e l e c t r o n s  whose e n e r g i e s  a r e  g r e a t e r  t han  10 

Kev. Gurnett  [1966] using t h e  I n j u n  111 da ta ,  showed t h a t  v l f  h i s s  occurred 

i n  a zone about 7 wide c e n t e r e d  a t  77 i n v a r i a n t  l a t i t u d e  a t  1400 magnetic 

l o c a l  time (MLT) and dec reas ing  t o  70° i n v a r i a n t  l a t i t u d e  a t  2200 MLT. 

Q u a l i t a t i v e l y ,  Gurnet t  found t h a t  (1) when a vlf  h i s s  enhancement occurs ,  

i t  may l a s t  f o r  s e v e r a l  hours and occur  o v e r  a s p a t i a l  e x t e n t  about 5 

wide i n  l a t i t u d e  and a s  much as  5 hours i n  magnetic l o c a l  time. 

occurrence of vlf  h i s s  does not appear t o  be r e l a t e d  t o  t h e  i n t e n s i t y  of 

0 0 

0 

( 2 )  The 
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e l e c t r o n s  wi th  energy g r e a t e r  than  40 Kev bu t  does appear  t o  be a s s o c i a t e d  

wi th  t h e  i n t e n s e  f l u x e s  of  sof t  e l ec t rons  wi th  energy of about 10 Kev 

commonly found during e a r l y  evening. ( 3 )  N o  s i g n i f i c a n t  c o r r e l a t i o n  

e x i s t s  between t h e  occurrence of v l f  h i s s  and t h e  p l a n e t a r y  geomagnetic 

K index.  (4) Vlf h i s s  occur rence  appears t o  be  seasona l ly  dependent w i th  

a maximum dur ing  l o c a l  summer. Based on t h e  l i m i t e d  d a t a  a v a i l a b l e ,  major 

f e a t u r e s  of t h e  i n t e n s e  18 kHz no i se  observed i n  t h i s  s tudy  seem t o  

c o r r e l a t e  wi th  i t e m s  (1) and (4) above, bu t  not  wi th  (3). Note t h a t  

Table  12  shows seasona l  dependence of  i n t e n s e  n o i s e  occurrence,  wi th  l o c a l  

summer r a t e s  h ighe r  than  win te r .  This  t a b l e  a l s o  shows genera l  agreement 

i n  l a t i t u d i n a l  p o s i t i o n  and width of the n o i s e  a s  r epor t ed  by Gurne t t .  

However, from Table  12 t h e r e  does seem t o  be a c o r r e l a t i o n  between occurrence 

of t h e  i n t e n s e  no i se  and t h e  K 

f i n d i n g s .  

P 

index, i n  disagreement with Gurne t t ' s  
P 

A t  t h i s  po in t  i t  appears  reasonable  t o  assume t h a t  t h e  i n t e n s e  18 kHz 

n o i s e  is r e l a t e d  to t h e  a u r o r a l  v l f  h i s s  observed by Gurnet t  and o t h e r s .  

However, be fo re  f i r m  conclus ions  may be  drawn, a d d i t i o n a l  da t a  must be 

ob ta ined  from wideband s a t e l l i t e  r ece ive r s .  

F. CYCLOTRON ABSORPI'ION 

I t  was noted  i n  Chapter V I 1 1  t h a t  c y c l o t r o n  abso rp t ion  might be t h e  

cause  of t h e  wide discrepancy between t h e  measured and c a l c u l a t e d  va lues  

for OGO-I a t  0107 UT on 24 November 1965 ( see  F ig .  34). 

T. F. B e l l  [ p r i v a t e  communication] has  cons idered  t h i s  p o s s i b i l i t y  

w i th  t h e  fo l lowing  i n t e r e s t i n g  r e s u l t s .  

F o r  t h e  OGO-I p o s i t i o n  a t  0107 UT i n  Fig.  34, we make the  fo l lowing  

assumption: 

1. Plasma frequency e 200 kHz 

2. A Maxwellian e l e c t r o n  v e l o c i t y  d i s t r i b u t i o n  and cons tan t  temperature  
e x i s t  a long each f i e l d  l i n e  i n  t h e  r eg ion  between L = 2.9 and L = 3.4 
(0107 UT t o  0122 UT i n  Fig. 34) .  
a r e  t h e  same f o r  each f i e l d  l i n e . )  

4 

(The Maxwellian v e l o c i t y  d i s t r i b u t i o n s  

3. E l e c t r o n  temperature  = 4 X 10 degrees  Kelvin.  

Using t h e s e  assumptions,  losses ,due  t o  cyc lo t ron  absorp t ion  over  a 
0 

10 s e c t i o n  of t h e  L = 2.9 f i e l d  l i n e  a t  t he  equator ,  a r e  approximately 
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zero .  Over a s i m i l a r  r eg ion  f o r  t h e  L = 3 . 4  f i e l d  l i n e  c y c l o t r o n  abso rp t ion  

l o s s e s  a r e  approximately 4 0  db, which i s  approximately the  same a s  t h e  

discrepancy between t h e  measured and c a l c u l a t e d  f i e l d  i n t e n s i t i e s .  Hence i t  

appears  very l i k e l y  indeed t h a t  F ig .  34 shows new evidence of c y c l o t r o n  

abso rp t ion ,  Reca l l  t h a t  t h e  l a r g e  discrepancy near t h e  end of t h i s  f i g u r e  

was explained i n  Sec t ion  A on t h e  b a s i s  of publ ished ear th- ionosphere 

waveguide lo s ses .  

The above assumption of a Maxwellian d i s t r i b u t i o n  could be checked by  

a d e t a i l e d  comparison of t h e  c a l c u l a t e d  losses wi th  t h e  experimental  d a t a  

ove r  t h e  e n t i r e  p e r i o d  0107 UT t o  0122 UT. I n  t h e  absence of more d a t a ,  

Maxwellian d i s t r i b u t i o n  w a s  chosen. I t  i s  p o s s i b l e  t h a t  t h e s e  d a t a  (and 

s i m i l a r  da ta  from f u t u r e  experiments)  could be used t o  determine what t h e  

e l e c t r o n  v e l o c i t y  d i s t r i b u t i o n s  are  and t o  s tudy  t h e  d e t a i l e d  s t r u c t u r e  

of a n i s o t r o p i e s .  

G. FADING 

I t  i s  not s u r p r i s i n g  t h a t  f a d i n g  i s  observed i n  t h e  OGO d a t a  s i n c e  t h e  

ionosphere i s  known t o  be h igh ly  i r r e g u l a r .  However, some of t h e  f e a t u r e s  

of t h e  f ad ing  are r a t h e r  unusual and need t o  be discussed.  Here we w i l l  

summarize the unique f e a t u r e s  and o u t l i n e  some p o s s i b l e  f a c t o r s  which 

might l ead  to accep tab le  exp lana t ions  of t h e  obse rva t ions .  

I n  gene ra l ,  t h e  f a d i n g  appears  t o  be of two types :  (1) random fad ing  

where bo th  the  frequency of occurrence and t h e  depth vary o v e r  r a t h e r  wide 

l i m i t s .  Fades on t h e  o r d e r  of 20 db i n  approximately one f o u r t h  of a 

second a r e  sometimes seen ,  bu t  u s u a l l y  t h e  f a d i n g  i s  n e i t h e r  t h i s  deep nor  

abrupt .  Fading observed by OGO-I i s  of t h i s  type and i s  shown i n  F i g s ,  18 

through 22. Th i s  type has  a l s o  been observed by OGO-I1 as demonstrated 

i n  Fig.  54.  ( 2 )  Deep and very r a p i d  f a d i n g  which i s  o f t e n  observed i n  a 

h igh ly  p e r i o d i c  form. 20 db f a d i n g s  a t  t h e  r a t e  of 10 or more p e r  second 

a r e  o f t e n  seen. Th i s  type has  only been observed by OGO-I1 and i s  shown 

i n  F igs .  52 and 53. 

I n  consider ing p o s s i b l e  i n t e r p r e t a t i o n s  of  t h e  observed f a d i n g  t h e  

q u e s t i o n  arises a s  t o  whether t h e  e f f e c t  i s  s p a t i a l  or temporal.  Temporal 

would mean t h a t  t h e  s a t e l l i t e  i s  i n  a g i v e n  r eg ion  f o r  a s u f f i c i e n t  p e r i o d  

of t ime t o  observe sudden v l f  i n t e n s i t y  f l u c t u a t i o n s  caused by time-changing 
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e f f e c t s  i n  t h e  ionosphere.  S p a t i a l  would mean t h a t  t h e  ionospher ic  e f f e c t s  

change r a t h e r  s lowly wi th  time, and t h a t  t h e  r a p i d  f l u c t u a t i o n s  i n  t h e  

d a t a  a r e  a r e s u l t  of t h e  s a t e l l i t e  motion; i . e . ,  i f  a second s a t e l l i t e  were 

fo l lowing  t h e  f irst  they  would both see t h e  same f l u c t u a t i o n s  i n  i n t e n s i t y .  

Nothing i n  t h e  d a t a  r e j e c t s  t h e  assumption of s p a t i a l  v a r i a t i o n .  Th i s  i s  

t h e  e f f e c t  t h a t  w i l l  be assumed. 

A f e a t u r e  of t h e  ionosphere which might c o n t r i b u t e  t o  some of t h e  

observed v a r i a t i o n s  i n  f i e l d  s t r e n g t h  a r e  l a r g e  s c a l e  i o n i z a t i o n  i r r e g u l a r -  

i t i e s .  Large pa tches  of enhanced and/or depressed i o n i z a t i o n ,  wi th  

dimensions l a r g e  compared t o  t h e  wavelength of t h e  v l f  s i g n a l  i n  t h e  

medium, might cause  focus ing  (and defocusing)  of t h e  v l f  waves. If so,  

s p a t i a l  p a t t e r n s  of  v l f  f i e l d  i n t e n s i t y  would be c r e a t e d .  Var i a t ions  of 

f i e l d  i n t e n s i t y  versus  t ime would then be produced as t h e  s a t e l l i t e  moved 

through t h e  p a t t e r n .  

It  would be i n t e r e s t i n g  and usefu l  t o  ray trace through a model iono- 

sphere  con ta in ing  such i r r e g u l a r i t i e s .  The above hypothes is  could poss ib ly  

be  checked i n  t h i s  manner. 

I t  seems reasonable  t h a t  t h e  extremely deep and sudden f ad ings  seen  

o c c a s i o n a l l y  i n  t h e  type  (1) records  (where t h e  v l f  s i g n a l  i n t e n s i t y  drops 

e s s e n t i a l l y  t o  t h e  background no i se  l e v e l )  might a r i s e  from t h e  b e a t i n g  of 

t w o  prominent mul t ipa th  components. 

The long pe r iod  of key-down t ransmiss ion  shown i n  F ig .  18 through 

F ig .  22 (which is  t h e  b e s t  a v a i l a b l e  example of t ype  (1) fad ing )  has  been 

s c a l e d  i n  an  e f f o r t  t o  o b t a i n  information about t h e  s t a t i s t i c a l  d i s t r i b u t i o n  

of magnitudes.  I n  t h e  s c a l i n g  process  t h e  amplitude of t h e  v l f  s i g n a l  was 

measured every  e i g h t h  of a second. The r e s u l t s  show t h a t  t h e  f ad ing  amp- 

l i t u d e  does n o t  have a gauss i an  d i s t r i b u t i o n .  While one is  r e l u c t a n t  t o  

draw conc lus ions  from such a small  s t a t i s t i c a l  sample of da t a ,  t h i s  

r e s u l t  might sugges t  t h a t  t h i s  is an unusual  type  of fad ing .  

One p o s s i b i l i t y  i s  t h a t  t h e  fad ing  i s  t h e  r e s u l t  of t h e  " i n t e r f e r e n c e  

p a t t e r n "  set  up by two plane waves. The minimum d i s t a n c e  between f ad ings  

would be  one h a l f  wavelength. For the  most r a p i d  f ad ing  shown i n  Fig.  53  

t h e  p e r i o d  i s  t y p i c a l l y  one t e n t h  of a second. S ince  t h e  v e l o c i t y  of OGO-I1 

i s  on t h e  o r d e r  of 7 km/second t h e  i n d i c a t e d  wavelength i n  t h e  medium 

would be  on t h e  o r d e r  of 1 lan. The f r e e  space wavelength of an 18 kHz s i g n a l  
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is approximately 17 km, t h e r e f o r e  a r e f r a c t i v e  index  of approximately 17 

would be requi red  of t h e  medium. Th i s  i s  roughly what we would expect  t h e  

r e f r a c t i v e  index t o  be i n  t h i s  r eg ion  f o r  &L propagat ion.  

Perhaps t h e  f ad ing  i s  t h e  r e s u l t  of abso rp t ion  by high energy p a r t i c l e s .  

I t  is reasonable  t o  assume t h a t  t h e  p r o f i l e  of p a r t i c l e s  which cause 

abso rp t ion  v a r i e s  wi th  L-value. I f  we p o s t u l a t e  t h e  presence of t i l t s  

and i r r e g u l a r i t i e s  which a l t e r  t h e  l o c a t i o n  of t h e  p a r t i c l e  m i r r o r  p o i n t s ,  

t h i s  might l ead  t o  an accep tab le  phys i ca l  explana t ion .  However, t h e  

c a l c u l a t i o n s  of T. F. B e l l ,  mentioned i n  Sec t ion  C, seem to  weaken t h i s  

argument. 

F u r t h e r  a t tempts  t o  i n t e r p r e t  t h e  f ad ing  obse rva t ions  w i l l  have t o  await  

a more complete i n v e s t i g a t i o n  when a d d i t i o n a l  d a t a  a r e  a v a i l a b l e .  

H. TERMINAL REGION BURSTS 

I n  s tudying  t h e  very l i m i t e d  amount of d a t a  concerning t h i s  phenomenon 

one major f a c t  s t a n d s  out :  t e rmina l  r eg ion  b u r s t s  have only been observed 

by OGO-I when t h e  foo t  of t h e  f i e l d  l i n e  pas s ing  through t h e  s a t e l l i t e  

was a t  a nor thern  magnetic l a t i t u d e  between 58 and 62  . Notice i n  F igs .  10, 

11, 12, 13 and 43 ( t h e  most s t r i k i n g  obse rva t ion  a v a i l a b l e  of t h i s  phenom- 

enon) t h a t  t he  obse rva t ion  was made dur ing  t h e  daytime, i n  t h e  w i n t e r  

hemisphere. The b u r s t s  were observed a s  t h e  l o c a t i o n  of t h e  no r the rn  

f i e l d  l i n e  foo t  moved between approximately 58 and 61.5 . The s i m i l a r i t y  

t o  cond i t ions  under  which t h e  Northern hemisphere l a t i t u d i n a l  c u t o f f  i s  

observed by N O - I 1  i s  impress ive  ( see  Fig. 85). 

0 0 

0 0 

A s  mentioned i n  Chapter  V I I I ,  i f  t h e  b u r s t s  a r e  i n t e r p r e t e d  a s  a 

s p a t i a l  v a r i a t i o n ,  t h e i r  phys i ca l  dimensions sugges t  t h e  p o s s i b i l i t y  of 

duc ts .  Van Zandt, Lof tus ,  and C a l v e r t  [1966] have observed a temporal 

and geographical  occurrence of conjugate  d u c t s  by t h e  high-frequency top- 

s i d e  sounder on Explorer  XX. They r e p o r t  a mean duct  width of  4 .2  km and 

a mean sepa ra t ion  on t h e  o r d e r  of 100 km. The l a r g e s t  duct  was 40 km wide. 

They f i n d  the  f r a c t i o n a l  d i f f e r e n c e  between t h e  e l e c t r o n  concen t r a t ion  

i n s i d e  and outs ide  of t h e  duc t  t o  be u s u a l l y  less than  1%; t h e  maximum 

observed was less than  8%. 

The phys ica l  dimensions of t h e  t e r m i n a l  r eg ion  b u r s t s  appear  t o  be 
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approximately c o r r e c t  t o  warrant advancing t h e  p o s s i b i l i t y  of duc t s  a s  an 

exp lana t ion .  On the  b a s i s  of impedance change of t h e  medium, e l e c t r o n  

c o n c e n t r a t i o n  i n s i d e  the  duct would have t o  be approximately two o r d e r s  

of magnitude higher  t han  background concen t r a t ions  i n  o r d e r  t o  cause a 

10 db i n c r e a s e  i n  i n t e n s i t y  of t h e  vlf  s i g n a l s  observed by OGO-I. T h i s  

i s  most unreasonable.  There is no evidence t o  suggest concen t r a t ion  

enhancements t h i s  l a r g e .  However, t he re  i s  t h e  p o s s i b i l i t y  t h a t  t h e  

c h a r a c t e r i s t i c s  of ducted propagat ion might be such a s  t o  permit propa- 

g a t i o n  t o  h ighe r  l a t i t u d e s  than  f o r  non-ducted propagation. A l o g i c a l  

mechanism f o r  t h i s  could be the  c o n t r o l  of t h e  wave normal angle by a 

duct.  Ray t r a c i n g  r e s u l t s  i n d i c a t e  tha t  t h e r e  i s  a cons ide rab le  d e v i a t i o n  

of t h e  wave normal w i t h  r e spec t  t o  the e a r t h ' s  f i e l d  o u t s i d e  of a duct .  

I f  i t  were found t h a t  a duct r e s t r i c t s  t h e  wave normal angles ,  a consider- 

a b l e  r e d u c t i o n  i n  Landau damping might r e s u l t .  Since t h e  author  h a s  not 

y e t  pursued t h i s  hypothesis  no defense of t h e  sugges t ion  is made; i t  i s  

simply r a i s e d  a s  a quest ion.  

C e r t a i n l y  t h e r e  i s  much evidence i n  t h e  l i t e r a t u r e  g iv ing  s t r o n g  

support  t o  t h e  e x i s t e n c e  of ducts.  Much work needs t o  be done t o  b e t t e r  

determine t h e  c h a r a c t e r i s t i c s  of ducted s i g n a l s ,  e s p e c i a l l y  the  d i r e c t i o n  

of t h e  wave normal. 

I. THE EQUATORIAL, D I P  

The d i p  i n  f i e l d  i n t e n s i t y  over  the magnetic equa to r  i s  bel ieved t o  

be caused by an abso rp t ion  e f f e c t .  The dip is observed more o f t e n  i n  day- 

t ime t h a n  n igh t t ime ,  and is more pronounced i n  t h e  daytime. 

t h e  daytime p o s i t i o n a l  information of Figs .  62 and 63 for i l l u s t r a t i o n  

purposes .  

We w i l l  use 

Consider t h e  path of t h e  s a t e l l i t e  a s  i t  f l i e s  no r th  toward the equator  

du r ing  t h e  l a t t e r  p a r t  of r evo lu t ion  103 and t h e  beginning of r evo lu t ion  

104 as shown i n  Fig.  62. Recal l  t h a t  i n  o r d e r  f o r  s i g n a l s  t o  reach the 

s a t e l l i t e  they must propagate i n  t h e  ear th- ionosphere waveguide t o  the  

v i c i n i t y  of t h e  f o o t  of t h e  f i e l d  l i n e  i n  t h e  Northern hemisphere, p e n e t r a t e  

t h e  ionosphere,  and then propagate along t h e  f i e l d  l i n e  t o  t h e  s a t e l l i t e .  

Consider  next  t h e  path t r a c e d  by the f o o t  of t h e  f i e l d  l i n e  i n  t h e  Northern 

hemisphere a s  t h e  s a t e l l i t e  moves towards t h e  equa to r  i n  t h e  Southern 

- 193 - SEL- 66 - 094 



hemisphere. I n i t i a l l y  t h e  f o o t  w i l l  be cons iderably  no r th  and s l i g h t l y  

east  of NPG. A s  t h e  s a t e l l i t e  approaches mid - l a t i t udes  t h e  f o o t  of t h e  

f i e l d  l i n e  moves s t e a d i l y  southward and n e a r e r  t o  N E .  

The m i n i m u m  d i s t a n c e  between NPG and t h e  foo t  of t h e  f i e l d  l i n e  i s  

ob ta ined  when t h e  s a t e l l i t e  i s  a t  a geomagnetic l a t i t u d e  of approximately 

48O South. Notice i n  Fig.  63 t h a t  t h i s  m i n i m u m  i n  ear th- ionosphere wave- 

guide d i s t ance  corresponds t o  t h e  maximum f i e l d  i n t e n s i t y  observed by the  

s a t e l l i t e  i n  t h e  Southern hemisphere. 

A s  t h e  s a t e l l i t e  cont inues  t o  move t h e  f o o t  reaches i ts  lowest magnetic 
0 

l a t i t u d e  of approximately 27 North when t h e  s a t e l l i t e  c r o s s e s  t h e  equa to r  

a t  an a l t i t u d e  of approximately 1400 km. A f t e r  t h e  s a t e l l i t e  c r o s s e s  t h e  

equa to r  the  f o o t  of t h e  f i e l d  l i n e  fo l lows  very c l o s e l y  t h e  s u b - s a t e l l i t e  

pa th ,  swinging northward and t o  t h e  west of N E .  

Reca l l  t h a t  abso rp t ion  of a v e r t i c a l l y  i n c i d e n t  v l f  wave i n  pass ing  

through the  ionosphere i s  s t r o n g l y  dependent on l a t i t u d e .  For in s t ance ,  

F ig .  92  shows a t o t a l  i n t e g r a t e d  daytime abso rp t ion  t o  be approximately 

40  db a t  a magnetic l a t i t u d e  of 27O as  compared t o  only  20 db a t  50 . 
Hence i t  i s  no t  s u r p r i s i n g  t h a t  t h e  s a t e l l i t e  o f t e n  s e e s  a pronounced drop 

i n  i n t e n s i t y  of  whistler-mode waves a s  i t  f l i e s  over  t h e  equator .  A s  a 

m a t t e r  of f a c t  c a l c u l a t i o n s  of i n t e n s i t i e s  expected o v e r  t h e  equa to r  

i n d i c a t e  t h a t  t h e  d i p  should be even g r e a t e r  t han  t h e  measurements snow. 

Th i s  observa t ion  may be expla ined  a s  fo l lows .  

0 

Figure  97 s h o w s  t h e  geometry of t h e  i n c i d e n t  and t r a n s m i t t e d  waves, 

and t h e  e a r t h ' s  magnetic f i e l d  a t  t h e  ear th- ionosphere  boundary f o r  t h e  

case descr ibed above. From S n e l l ' s  law, assuming g raz ing  inc idence  and a 

r e f r a c t i v e  index of 6 i n  t he  D-region where most abso rp t ion  occurs ,  w e  

f i n d  t h a t  tne t r ansmi t t ed  wave is approximately 9.6 from t h e  v e r t i c a l .  

T h i s  r e s u l t s  i n  an angle ,  e ' ,  between t h e  t r a n s m i t t e d  wave and t h e  geo- 

magnetic f i e l d ,  

c a l c u l a t i o n s  i n  t h i s  s tudy  ( inc lud ing  Figs .  29 and 92)  are based on v e r t i c a l  

i nc idence .  I n  o t h e r  words, t h e  c a l c u l a t i o n s  u t i l i z e  t h e  angle  8 r a t h e r  

t han  8 '  i n  Fig.  97. 

0 

of approximately 34.4O. A l l  of t h e  abso rp t ion  Ho , 

For a magnetic l a t i t u d e  of 27O w e  may e s t i m a t e  t h e  d i f f e r e n c e  i n  

abso rp t ion  between t h e  t w o  c a s e s  as fo l lows .  E f f e c t i v e l y ,  ( i n  F ig .  97)  

t h e  angle  between 
0 

and t h e  t r a n s m i t t e d  wave i s  only 34.4 r a t h e r  than  
HO 
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44'. 

a t  a p o i n t  where t h e  d ip  angle ,  I ,  i s  46 + 9.6 = 55.6 . T h i s  corresponds 

t o  v e r t i c a l  incidence a t  a d i p o l e  l a t i t u d e  of approximately 37 [Mlodnosky 

and H e l l i w e l l ,  19621. From Fig.  92 i t  i s  seen t h a t  daytime abso rp t ion  of 

a v e r t i c a l l y  i n c i d e n t  wave a t  a d ipo le  l a t i t u d e  of 27O ( I  = 46 , 8 = 44O) 

is  approximately 40  db, while  t h e  absorpt ion a t  a l a t i t u d e  of 37 

8 = 34.4 ) is  only approximately 27 db. Thus t h e  f a c t  t h a t  c a l c u l a t e d  

values  a r e  always l e s s  t han  measured i n t e n s i t i e s  a s  OGO-I1 c r o s s e s  e q u a t o r i a l  

l a t i t u d e s  is a t  l e a s t  q u a l i t a t i v e l y  explained. A t  h ighe r  magnetic l a t i t u d e s  

H is more n e a r l y  v e r t i c a l  and t h e r e f o r e  t h e  e r r o r  caused by the assumption 

of v e r t i c a l  incidence w i l l  be less, 

Therefore  abso rp t ion  i s  as though t h e  wave had been launched v e r t i c a l l y  
0 

0 

0 

0 0 (I = 55.6 , 
0 

0 

It should be noted t h a t  t h e  e q u a t o r i a l  d i p  (based on t h e  above abso rp t ion  

exp lana t ion )  would be expected t o  be much l e s s  pronounced during night t ime.  

Th i s  e f f e c t  i s  shown by t h e  da t a .  For in s t ance ,  i n  F igs .  6 3  and 67, a t  

approximately 0450 LMT i t  i s  quest ionable  whether t he  d i p  i s  c l e a r l y  de f ined  

by t h e  measurements. 

TRANSMITTED f WAVE 

a!fHo I 7 4 6 O  

D-REGION 

EARTH 

FIG. 97. GEOMETRICAL RELATIONSHIP BETWEEN INCIDENT AND TRANSMITTED 

6 = angle  of r e f r a c t i o n .  
WAVE AND THE EARTH'S MAGNETIC FIELD AT A DIPOLE LATITUDE OF 27O. 
1 = d i p  angle,  
Fo r  90' we have I = 6 s i n  6 ,  6 e 9.6'. 

OI = angle  of incidence,  
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J. MEASUREMENTS VERSUS CALCULATIONS 

One of t h e  s i g n i f i c a n t  con t r ibu t ions  of t h i s  r e sea rch  i s  t h e  demon- 

s t r a t i o n  by c o n t r o l l e d  experiment t h a t  t h e  average i n t e n s i t y  of v l f  s i g n a l s  

i n  t h e  magnetosphere may u s u a l l y  be p red ic t ed  t o  an accuracy of 

by e x i s t i n g  theory .  I n  t h i s  s e c t i o n  u n c e r t a i n t i e s  i n  the  c a l c u l a t i o n s  and 

i n  t h e  measurements w i l l  be d iscussed ,  and a reasonable  va lue  f o r  t h e  

a l lowable  discrepancy between t h e  two w i l l  be e s t a b l i s h e d .  A l l  of t h e  

OGO I measurements and c a l c u l a t e d  va lues  w i l l  then  be reviewed w i t h  par-  

t i c u l a r  a t t e n t i o n  given t o  measurements which d i f f e r  from t h e  c a l c u l a t i o n s  

by an amount exceeding t h e  a l lowable  discrepancy.  

- +10 db 

Unce r t a in t i e s  i n  t h e  c a l c u l a t i o n s  a r i s e  through u n c e r t a i n t i e s  i n  t h e  

models being used. One obvious component of major importance i s  t h e  

u n c e r t a i n t y  i n  abso rp t ion  i n  t h e  D region.  Th i s  depends i n  p a r t  on un- 

c e r t a i n t i e s  i n  t h e  ionospher ic  models f o r  e l e c t r o n  d e n s i t y  and c o l l i s i o n  

frequency used i n  t h e  abso rp t ion  c a l c u l a t i o n s ,  Other  f a c t o r s  i nc lude  

u n c e r t a i n t i e s  i n  the  r a t e  of ear th- ionosphere waveguide a t t e n u a t i o n ,  and 

i n  t h e  divergence loss .  

I n  Chapter V I 1  s e v e r a l  d i f f e r e n t  models of t h e  ionosphere were used i n  

t h e  i n t e g r a t e d  abso rp t ion  c a l c u l a t i o n s .  The maximum d i f f e r e n c e  i n  t o t a l  

abso rp t ion  a t  any l a t i t u d e  was l e s s  t han  6 db. Large u n c e r t a i n t i e s  i n  t h e  

abso rp t ion  c a l c u l a t i o n s  come not  on ly  from s p e c i f i c  d i f f e r e n c e s  between 

va r ious  models (which a r e  based on averages) ,  but  from u n c e r t a i n t i e s  i n  

how t h e  ionosphere d e v i a t e s  dur ing  s h o r t  t ime pe r iods  and over  smal l  

d i s t a n c e  i n t e r v a l s  from a g iven  model. For i n s t a n c e ,  obse rva t ions  made by 

L i t t l e  and Leinbach [1958] show t h a t  r eg ions  of anomalous abso rp t ion  

t y p i c a l l y  have dimensions i n  excess  of 100 km, and dur ing  d i s t u r b e d  pe r iods  

marked d i f f e rences  i n  abso rp t ion  can occur  between r eg ions  800 km a p a r t .  

Changes i n  absorp t ion  of a s  much a s  10 db can  be expec ted  from anomalous 

abso rp t ion ,  y e t  t h i s  e f f e c t  i s  not  a p a r t  of t h e  model u t i l i z e d  i n  t h e  

c a l c u l a t i o n s .  S imi l a r ly ,  l a r g e  v a r i a t i o n s  i n  abso rp t ion  a r e  known t o  

e x i s t  from day t o  day. But t h e  model, based on averages ,  a l s o  e l imina te s  

t h i s  e f f e c t  f r o m  t h e  c a l c u l a t i o n s .  

Unce r t a in t i e s  i n  t h e  r a t e  of ear th- ionosphere  waveguide a t t e n u a t i o n  a r e  

probably much l e s s  than  u n c e r t a i n t i e s  i n  abso rp t ion .  Wait [ 19621 and 
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Davies [1965] summarize t h e  earth-ionosphere waveguide a t t e n u a t i o n  r a t e s  

determined experimental ly  by va r ious  workers. Wait [ 19621 p e r f o m s  the  

t h e o r e t i c a l  c a l c u l a t i o n s  and f i n d s  good agreement with t h e  experimental  

r e s u l t s .  For f r equenc ie s  nea r  20 kHz the a t t e n u a t i o n  r a t e s  determined both 

experimental ly  and t h e o r e t i c a l l y  vary from approximately 4.5 db/kkm t o  

1 . 0  db/kkm depending upon t h e  time, t he  d i r e c t i o n  of propagat ion,  and 

whether t h e  path i s  over  l and  or sea.  When a s p e c i f i c  path i s  s p e c i f i e d  

t h e  v a r i a t i o n  between t h e  r a t e s  found by va r ious  workers i s  very small ,  

on t h e  o r d e r  of 1 or 2 db/kkm. 

The r e s u l t s  i n  Chapter V I 1  provide good confidence i n  the  a b i l i t y  t o  

p r e d i c t  divergence loss.  Uncertainty i n  divergence is  probably no more 

t h a n  2 or 3 db. 

From t h e  above d i s c u s s i o n  one would probably be j u s t i f i e d  i n  e s t ima t ing  

t h a t  t h e  u n c e r t a i n t y  i n  t h e  c a l c u l a t i o n s  i s  on t h e  o r d e r  of 10 t o  15 db. 

U n c e r t a i n t i e s  i n  t h e  measurements were discussed i n  d e t a i l  i n  Chapter 11. 

It was concluded t h a t  t he  d a t a  a r e  probably a c c u r a t e  t o  wi th in  2 or 3 db. 

I n  e s t a b l i s h i n g  an al lowable discrepancy between measured and c a l c u l a t e d  

va lues ,  t he  above would i n d i c a t e  t h a t  +10 db i s  a reasonable  minimum value.  

We w i l l  t h e r e f o r e  adopt +10 db as  an al lowable discrepancy i n  t h e  regions 

and a t  t he  t imes of i n t e r e s t  i n  the observat ions.  Each of t h e  N O - I  f i e l d  

i n t e n s i t y  c h a r t s  (FigS.34 through 44) w i l l  now be examined and a t t e n t i o n  

d i r e c t e d  t o  c a s e s  where a disagreement g r e a t e r  t han  approximately 10 db 

e x i s t s  between the  c a l c u l a t i o n s  and the measurements. 

- 
- 

I n  Fig.  34 we have a l a r g e  discrepancy a t  t h e  beginning of t h e  run and 

ano the r  l a r g e  discrepancy of approximately the  same magnitude but  i n  the  

r e v e r s e  d i r e c t i o n  a t  t h e  end of t he  run. I n  Sec t ion  F we p resen ted  c a l -  

c u l a t i o n s  by T. F. B e l l  w h i c h  show t h a t  c y c l o t r o n  abso rp t ion  could account 

f o r  l o s s e s  of approximately 40 db a t  t he  beginning of t h e  run. T h i s  i s  

approximately t h e  same a s  the  observed discrepancy. Since cyc lo t ron  

a b s o r p t i o n  w a s  not included i n  t h e  c a l c u l a t i o n s  based on e i t h e r  t h e  f i r s t  

approximation model or t he  r e f i n e d  model ( t h e  dashed l i n e  and the  dash-dot 

l i n e  of Fig.  34) i t  appears t h a t  cyc lo t ron  abso rp t ion  i s  a s a t i s f a c t o r y  

exp lana t ion .  The l a r g e  discrepancy on the end of t h e  run was discussed i n  

S e c t i o n  A. I t  was pointed out t h a t  an ear th- ionosphere waveguide a t t e n u a t i o n  
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r a t e  of approximately 1.7 db/kkm i s  i n d i c a t e d  by t h e  d a t a  i n  Fig. 34. 

Since t h i s  r a t e  is i n  e x c e l l e n t  agreement w i t h  the r e s u l t s  of va r ious  

workers, i t  appears  t h a t  t h e  discrepancy i s  e a s i l y  resolved.  Apparently 

t h e  earth-ionosphere waveguide a t t e n u a t i o n  r a t e s  f o r  l a r g e  d i s t a n c e s  which 

were used i n  t h e  c a l c u l a t i o n s  (Fig.  27) a r e  too  high. 

I n  Fig. 35 t h e  ear th- ionosphere waveguide d i s t a n c e  i s  small  and t h e  

s a t e l l i t e  is i n  a region where cyc lo t ron  abso rp t ion  is  not a f a c t o r .  Note 

t h e  e x c e l l e n t  agreement (on t h e  average) between the  c a l c u l a t i o n s  and the 

measurements. The d i s c r e p a n c i e s  ( a l l  l e s s  t han  approximately 7 db) probably 

a r i s e  p r imar i ly  from d e v i a t i o n s  of t h e  ionosphere from t h e  averages r ep resen ted  

by the  models. These r a p i d  f l u c t u a t i o n s  of t h e  measurements may poss ib ly  

be new evidence of t h e  s p a t i a l  s i z e  of r eg ions  of anomalous abso rp t ion .  

I n  Fig.  36 t he  discrepancy between measurements and c a l c u l a t i o n s  i s  

wel l  w i t h i n  +10 db. From t h e  d i scuss ion  i n  Chapter I11 one would expect 

a drop i n  measured f i e l d  i n t e n s i t y  of 10 db due t o  impedance t r ans fo rma t ion  

e f f e c t s  i f  t h e  s a t e l l i t e  en te red  a region where e l e c t r o n  d e n s i t y  decreased 

by two o rde r s  of magnitude. Whist ler  obse rva t ions  have shown t h a t  t he  

e l e c t r o n  dens i ty  e q u a t o r i a l  p r o f i l e  e x h i b i t s  such a drop, or "knee," a t  a 

geocen t r i c  d i s t a n c e  of about 4 e a r t h  r a d i i .  The e f f e c t  on t h e  c a l c u l a t i o n s  

f o r  regions i n s i d e  and o u t s i d e  of t he  "kiiee" a r e  shown i n  F ig .  3 6 .  It is 

apparent t h a t  t he  measured values  a r e  i n  accord with c a l c u l a t i o n s  w h i c h  

i nc lude  the "knee" e f f e c t .  

- 

In  Fig.  37 t h e  g r e a t e s t  discrepancy ( n e a r  0258 UT) i s  approximately 

13  db, w i t h  t h e  measured value exceeding t h a t  c a l c u l a t e d ,  I t  should be 

noted t h a t  during t h i s  time t h e  f o o t  of t h e  f i e l d  l i n e  was almost due 

south of NAA. Perhaps the  discrepancy is a t  l e a s t  p a r t i a l l y  explained by 

t h e  favorablereduct ion i n  t h e  ang le  of wave normal r e f r a c t i o n  with r e spec t  

t o  the  magnetic f i e l d  when propagation is from nor th  t o  south.  T h i s  e f f e c t  

has been observed p rev ious ly  [Rorden, e t  a l ,  19641. This  e f f e c t  i s  of course 

not included i n  a model based on averages.  

An i n t e r e s t i n g  f e a t u r e  of Fig,  38 is  t h e  f a c t  t h a t  t h e  average f i e l d  

i n t e n s i t y  c o n s i s t e n t l y  remains approximately 15 db higher  than the c a l c u l a t e d  

value.  Two f a c t o r s  might be involved i n  t h e  exp lana t ion :  ( a )  t h e  e a r t h -  

ionosphere waveguide d i s t ance  i s  l a r g e ,  more t h a n  6 kkm a t  t he  beginning 

of t he  run. I t  i s  w e l l  e s t a b l i s h e d  t h a t  t h e  r a t e s  used in the ( f o r  
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l a r g e  d i s t a n c e s )  a r e  t o o  high. ( b )  The earth-ionosphere waveguide path 

i s  ove r  sea-water during t h e  e n t i r e  i n t e r v a l .  T h i s  f a c t  would accentuate  

t h e  discrepancy discussed i n  p a r t  (a )  above. ( c )  P e n e t r a t i o n  of t h e  v l f  

wave through t h e  ionosphere is  perhaps not occur r ing  e x a c t l y  a t  t h e  foo t  

bu t  a t  a h i g h e r  l a t i t u d e  n e a r e r  NPG. This  would r e s u l t  i n  less absorpt ion,  

and a l s o  i n  a reduced ear th- ionosphere waveguide d i s t a n c e .  Any o r  a l l  of 

t h e s e  f a c t o r s  a r e  capable  of explaining t h e  discrepancy. Each i s  reasonable.  

In  Fig. 39 t h e  average discrepancy i s  on t h e  o r d e r  of 10 db. Note t h a t  

c a l c u l a t i o n s  based on the  f i r s t - approx ima t ion  model provide a b e t t e r  f i t  

t h a n  c a l c u l a t i o n s  using t h e  r e f i n e d  model. The major d i f f e r e n c e  between 

t h e  two models f o r  t h e s e  s a t e l l i t e  p o s i t i o n a l  parameters i s  an approximate 

10 db d i f f e r e n c e  i n  t o t a l  i n t e g r a t e d  absorpt ion.  The d a t a  i n d i c a t e  t h a t  

a b s o r p t i o n  was higher  t han  expected during t h i s  run. I t  i s  probably 

s i g n i f i c a n t  t h a t  t h e  f o o t  of t h e  f i e l d  l i n e  was a t  high magnetic l a t i t u d e s ,  

between approximately 59 and 61 . T h i s  is  t h e  r eg ion  where t h e  l a t i t u d i n a l  

c u t o f f  i s  observed by OGO-11. An absorpt ion mechanism was hypothesized i n  

S e c t i o n  C a s  a p o s s i b l e  exp lana t ion  of t h e  c u t o f f .  I t  i s  p o s s i b l e  t h a t  t h e  

discrepancy i n  Fig. 39 i s  related t o  t h e  cu to f f  phenomenon. Another po in t  

t h a t  should be considered i s  t h e  f a c t  t h a t  propagation i n  t h e  ear th- ionosphere 

waveguide i s  towards t h e  no r th  from NAA. The angle  of wave normal r e f r a c t i o n  

w i t h  r e s p e c t  t o  t h e  magnetic f i e l d  w i l l  be l a rge ,  and t h e r e f o r e  we can expect 

a t t e n u a t i o n  t o  be inc reased .  T h i s  i s  the  oppos i t e  of t h e  e f f e c t  discussed 

above f o r  Fig.  37. 

0 0 

I n  Fig.  40 t h e  most l i k e l y  explanat ion of t h e  observed discrepancy 

appears  t o  be t h e  a t t e n u a t i o n  r a t e  f o r  t h e  ear th- ionosphere waveguide used 

i n  t h e  c a l c u l a t i o n s .  Note t h a t  t h e  f i e l d  l i n e  f o o t  i s  almost due west from 

NAA and t h a t  t h e  path t o  t h e  foo t  extends completely a c r o s s  the  United 

S t a t e s .  

I n  Fig.  41  i t  i s  un fo r tuna te  t h a t  d a t a  were not  a v a i i a b l e  for a longer 

per iod .  Note t h a t  t h e  s a t e l l i t e  is i n  t h e  Southern hemisphere and t h a t  

s i g n a l s  from NAA a r e  f i r s t  observed when t h e  gyrofrequency a t  t he  top of 

t h e  f i e l d  l i n e  is  approximately 30 kHz. Cyclotron absorpt ion,  a s  discussed 

i n  S e c t i o n  F, is a l i k e l y  cause of the observed discrepancy. 

of t h e  run t h e  discrepancy h a s  been reduced t o  approximately 10 db. A t  t h i s  

p o i n t  t h e  gyrofrequency a t  t h e  t o p  of the f i e l d  l i n e  i s  approximately 45 kHz. 

A t  t he  end 
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The discrepancy might s t i l l  involve some c y c l o t r o n  absorpt ion,  or might be 

a t t r i b u t e d  t o  u n c e r t a i n t i e s  i n  abso rp t ion  i n  t h e  D region. 

I n  Fig.  42 e x c e l l e n t  agreement between c a l c u l a t e d  and measured values  

is found a t  t h e  beginning of the run. However, a s  the run p rogres ses  we 

f i n d  t h e  discrepancy inc reas ing .  The s i t u a t i o n  i s  somewhat t he  same a s  

i n  Fig.  39; measured values  a r e  lower than  expected. Note t h a t  the f o o t  

of t h e  f i e l d  l i n e  i s  a t  a high l a t i t u d e .  Propagat ion i s  northward from NPG.  

The same arguments i nvo lv ing  northward propagat ion and the  l a t i t u d i n a l  

cu to f f  which were d i scussed  i n  r e l a t i o n  t o  Fig.  39 could be advanced here .  

I n  Fig.  43 t he  i n t e n s i t i e s  of t h e  "bursts"  a r e  approximately the same 

a s  t h e  c a l c u l a t e d  (expected)  values.  The discrepancy a r i s e s  from t h e  

absence of s i g n a l s  a t  t h e  s a t e l l i t e  during c e r t a i n  pe r iods  of time. A loss 

mechanism would seem t o  be involved. T h i s  b u r s t  phenomenon is  discussed 

i n  d e t a i l  i n  Sec t ion  H and w i l l  not be considered f u r t h e r  here.  

I n  Fig.  44 t h e  main discrepancy occurs  near t h e  beginning of t he  run 

where l o c a l  time a t  t h e  f o o t  of t he  f i e l d  l i n e  i s  approximately 1000 LMT. 

Daytime absorpt ion r a t e s  were u t i l i z e d  i n  t h e  c a l c u l a t i o n s .  From t h e  

beginning of t h e  run u n t i l  almost 1842 UT i t  i s  impossible  t o  make the  

c a l c u l a t i o n s  f i t  t h e  d a t a  even i f  one assumes t h a t  p e n e t r a t i o n  of t he  day- 

time ionosphere occurred d i r e c t l y  over  NPG. I f  n igh t t ime  abso rp t ion  r a t e s  

a r e  used i n  t h e  c a l c u l a t i o n s  a t  t h e  beginning of t h e  run the  discrepancy 

is reduced e s s e n t i a l l y  t o  zero.  It appears  t h a t  t h e  measurements between 

1838 and 1842 UT a r e  showing the  t r a n s i t i o n  of t h e  ionosphere from n igh t -  

time t o  daytime cond i t ions .  Notice t h e  small  discrepancy between t h e  

measurements and t h e  c a l c u l a t i o n s  a f t e r  1842 UT which is  approximately 

1100 L,MT a t  t h e  f i e l d  l i n e  f o o t .  

K. DISCUSSION AND CONCLUSIONS 

The p r o p e r t i e s  of whistler-mode propagat ion have been examined. E x i s t i n g  

theory has been u t i l i z e d  t o  c a l c u l a t e  i n t e n s i t i e s  of whistler-mode s i g n a l s  

expected i n  the  magnetosphere. These c a l c u l a t i o n s  have been compared t o  

t h e  a c t u a l  i n t e n s i t y  of s i g n a l s  a s  measured by c a l i b r a t e d  v l f  r e c e i v e r s  

aboard two s a t e l l i t e s .  I t  i s  concluded t h a t  t h e  average i n t e n s i t y  of v l f  

whistler-mode s i g n a l s  i n  the  magnetosphere may u s u a l l y  be p r e d i c t e d  t o  an 
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accuracy of +10 db by t h e  use of a v a i l a b l e  models and e x i s t i n g  theory.  

Most, i f  not a l l ,  d i sc repanc ie s  g r e a t e r  t han  10 db may be resolved on t h e  

basis  of r e l a t e d  phenomena r epor t ed  i n  t h e  l i t e r a t u r e  o r  by the  new 

obse rva t ions  of OGO-11. T h i s  s tudy s t r o n g l y  suppor t s  t h e  v a l i d i t y  of our  

p r e s e n t  understanding of t h e  major f e a t u r e s  of whistler-mode propagation 

which u n t i l  now, h a s  been based l a r g e l y  on t h e o r e t i c a l  development and 

experimental  obse rva t ions  of n a t u r a l l y  occur r ing  phenomena. 

- 

O t h e r  important c o n t r i b u t i o n s  have come from t h i s  s tudy.  These a r e  

d i scussed  as new obse rva t ions  i n  Chapter V I 1 1  and include:  

1. A Northern hemisphere l a t i t u d i n a l  cu to f f  of v l f  s i g n a l s .  

2. St rong  enhancements of vlf  s i g n a l s  near  t h e  an t ipodes  of v l f  t r a n s -  

3 .  A pronounced d ip  i n  t h e  i n t e n s i t y  of v l f  s i g n a l s  over  t h e  magnetic 

4. A b e l t ,  o r  band, of i n t e n s e  no i se  a t  18 kHz around both p o l a r  regions.  

m i t t e r s .  

equa to r .  

These new obse rva t ions  are described i n  a s  much d e t a i l  as p o s s i b l e  w i t h  

t h e  l i m i t e d  amount of a v a i l a b l e  data .  Various mechanisms which might l ead  

t o  a c c e p t a b l e  exp lana t ions  a r e  suggested. 

L. SUGGESTIONS FOR FURTHER WORK 

The  g r e a t e s t  need f o r  proper  con t inua t ion  of t h i s  r e sea rch  is  a d d i t i o n a l  

d a t a ,  On f u t u r e  s a t e l l i t e s  s p e c i a l  emphasis should be g iven  t o  obtaining:  

1. Low a l t i t u d e  d a t a  from Northern hemisphere v l f  s t a t i o n s  during l o c a l  
summertime . 

2 .  D a t a  from Southern hemisphere vlf s t a t i o n s  a t  both low and high 
a l t i t u d e s  during both summertime and winter t ime.  

These new d a t a  would complement the d a t a  of t h e  p r e s e n t  study, and might 

i n d i c a t e  whether o u r  p re sen t  i n t e r p r e t a t i o n s  a r e  c o r r e c t .  
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